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Abstract 
 The Copper Development Association (CDA) has identified over 450 copper alloys registered with the 
U.S. Environmental Protection Agency (EPA) as antimicrobial. With growing antibiotic resistance, there is a 
need for copper coatings with increased antimicrobial capability. Cold spray is a high velocity, high deposition 
rate process that forms dense coatings with little to no oxides or inclusions. It is possible that this process 
contributes to the increased antimicrobial capability of copper cold spray coatings as compared to other 
additive processes. 
 The focus of this effort is to understand the effects of powder production and cold spray process 
parameters on copper cold spray coatings in order to optimize antimicrobial properties. Specifically, this work 
looks at the differences in conventional and nanomaterial copper cold spray coatings. Materials 
characterization and test methods show differences in adhesion, microstructure, corrosion, mechanical 
properties, and surface topography. Materials data is compared against Abaqus FEA software model outputs, 
and antimicrobial efficacy test data, based on the EPA approved procedure, is used to support materials 
observations and modelling outputs.   
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Executive Summary 
 
Optimizing the Cold Spray Process for Antimicrobial Coatings 
  Recently in the cold spray community, more emphasis has been placed on through process modelling 
and the effects of powder quality on product outputs. Powder production, material type, size, storage, and 
distribution method are all considered factors affecting consolidated material properties. Similar 
considerations can be applied when looking at the optimization of copper cold spray coatings for 
antimicrobial applications. 
This thesis focuses on the effects of powder in relation to end material properties, where gas 
atomized conventional copper powder is compared to spray dryed nano-agglomerate copper powder. The 
nano-agglomerates are comprised of pure Cu nanoparticles encapsulated in a pure Cu binder. Precursor 
comparison of these consolidated powders is described in the paper “Effectiveness of Nanomaterial Copper 
Cold Spray Surfaces on Inactivation of Influenza A Virus”, included in the ‘supplemental paper A’ section. That 
paper provides a baseline for antimicrobial properties of nanomaterial copper coatings, showing their 
increased effectiveness in the contact-killing of Influenza A Virus as compared to conventional copper. 
 
The second paper in the thesis, “Modeling Copper Cold Spray Single-Particle Impact for Optimized 
Antimicrobial Coatings“, looks at modelling of the powder type and cold spray parameters, including 
temperature, pressure, and spray velocity, on particle impact and post-impact geometry. This can be used as 
a tool to understand why nanomaterial copper performs better than conventional copper in relation to the 
initial powder and spray parameters. In future, improved models may be used to predict the best initial 
parameters for optimized antimicrobial properties of copper cold spray coatings.   
 
Material Characterization- A Missing Link in Understanding Copper 
Kill-Mechanism 
Beyond the CDA’s determination that materials with 60% copper or greater can be considered 
antimicrobial, the CDA has not formally linked other material properties as affecting copper’s antimicrobial 
capability. A paper included in the ‘supplemental paper B’ section titled, “Anti-bacterial and anti-viral 
performance of kinetically deposited copper surfaces”, compares differences in end material properties 
between cold spray and other additive methods, showing greater antimicrobial efficiency in cold spray 
coatings. But more work is needed to look beyond the efficacy test data and into the material differences 
between conventional and nanomaterial Cu cold spray to understand why the latter performs better in the 
contact-killing of Influenza A Virus. 
Factors like surface roughness and microstructure are explored in the first paper, “ The Effect of Nano-
Scale Surface Roughness on Copper Cold Spray Inactivation of Influenza A Virus” and third paper, 
“Microstructural Characterization of Conventional and Nanomaterial Copper Cold Spray Coatings” of the 
thesis, respectively.  
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Antimicrobial Efficacy of Cu and Cu Ion Release 
 Researchers in the biology field have been able to isolate copper’s antimicrobial properties to its 
ability to release copper ions to microbes via surface contact. There is still heavy debate as to the exact copper 
kill-mechanism once the ions are released to the microbe with much of the discussion around Cu-uptake and 
its intra-cellular effects. There are also discrepancies in efficacy data depending on the test method, microbe 
type, and material used. As there are many bio-factors affecting copper antimicrobial effectiveness, it is 
important to perform more efficacy tests under different conditions with various microbes and substrates to 
add as many datapoints as possible to the knowledge bank. It is also important to fully understand how the 
Cu ions are being released from the metal into the environment. To better understand Cu ion release, 
corrosion differences between nanomaterial and conventional Cu cold spray are studied in the forth paper of 
the thesis titled, “The Effect of Corrosion on Conventional and Nanomaterial Copper Cold Spray Surfaces for 
Antimicrobial Applications”.  
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1. Introduction 
1.1 Project Need 
     In 2006, there were ~720,000 healthcare associated infections, costing over $125 billion and causing over 
74,000 deaths in the U.S. [1,4]. With the growing resistance of microbes to antibiotics, it is important now more 
than ever to look at alternative methods for reduction of the harmful growth of microbes and spread of disease. 
The Copper Development Association lists 450+ copper alloys registered with the U.S. Environmental Protection 
Agency as antimicrobial [3]. There is a need to continue to optimize copper surfaces through the use of novel 
powder in the cold spray system. The cold spray process, Figure 1, is a high velocity, high deposition rate process 
that forms dense coatings with little to no oxides and inclusions.  
 
 
Figure 1. The Cold Spray Process 
 
1.2 Project Scope  
     The goal is to decrease microbe survivability through the use of optimized Cu cold spray coatings. This thesis 
scope looks at the differences in material properties between nanomaterial and conventional Cu cold spray 
coatings, in order to better understand why nanomaterial Cu performs better than conventional Cu in the contact-
killing of Influenza A Virus. 
 
     The thesis scope can be further explored through the bio-material interface, seen in Figure 2, where areas of 
interest include: 1) the microbe, 2) the environment, 3) the material surface, 4) on top of the material, and 5) 
inside the material.  
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Figure 2. Thesis Scope- looking at the bio-material interface in relation to nanomaterial Cu 
 
     The questions detailed in Figure 2 can be answered using a 3-pronged approach of 1) Material Characterization, 
2) Antimicrobial Efficacy Testing, 3) and Modelling, with results broken into four papers included in sections 3-6.  
 
2. Background  
 
2.1 Review of Theory Behind Copper’s Antimicrobial Properties 
     There are many factors affecting Cu Antimicrobial Properties across the chemistry, biology, and material science 
fields. There is a need to understand Cu uptake and utilization, metal reactivity, and Cu tolerance in 
microorganisms to see the full scope of the Cu contact-killing mechanism.  
 
2.1.1 Copper Uptake + Utilization by Microorganisms  
     Microorganisms need metals, including copper, to maintain proper physiology. Understanding how 
microorganisms find, bring into the cell, and use copper ions is crucial to understanding copper kill mechanisms. 
Since there are many different pathways for uptake and utilization and even more are being discovered every day, 
it is most effective to illustrate the need to understand these mechanisms with an example in Figure 3. 
Methanotrophs are gram-negative bacteria that use methane as a carbon energy source, but Methanotrophs can 
only make the energy they need if they have a certain enzyme, methane monooxygenase (MMO). MMO can only 
be turned on by copper. 
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Figure 3. Example copper uptake and utilization mechanisms using methanobactin described.  
Methanobactin (mb) reside in Methanotrophs and are peptides modified to have a high affinity for copper. In 
order for the methanotroph cell to capture the copper ions in its environment it uses these methanobactin to 
bond to the ions, making Cu-mb. The TonB Receptor, embedded in the outer cell membrane, is coded to accept 
mb peptides allowing the Cu-mb to pass through the outer membrane into the periplasm (space between outer 
and inner cell membranes). The Cu-mb then attaches to the inner membrane receptor, pMMO, switching it on to 
MMO allowing the cell to oxidize the methane to methanol for energy. Depending on the microorganism and 
environment, the kind of uptake and utilization mechanisms may change. However, similar methanobactin 
compounds have been identified in the mitochondria of yeast suggesting that this mechanism may be more widely 
applicable to other organisms, including humans. 1 , 6, 9 
 
     Understanding uptake mechanisms give scientists a better foundation to understand how the copper ions get 
into the cell and if the copper killing mechanism starts prior to entering the cell. Following copper utilization may 
provide clues to where in the cell copper ions are first attacking and if there are secondary and tertiary effects that 
may cause additional damage to the cell based on copper ion location.  
 
2.1.2 Principles Governing Metal reactivity in Living Cells  
     There are three principles governing metal reactivity in living cells: 1) donor atom selectivity, 2) reduction 
potential, and 3) speciation.  
 
2.1.2.1 Donor Atom Selectivity 
     Donor atom selectivity looks at the coordination chemistry of metals. A subset of this field is Ligand Field Theory, 
which looks at how different transition metal electron arrangements affect the metal’s affinity to bond with 
ligands. An example of a ligand would be mb, from the above section. A copper ion may be more or less likely to 
bond to mb to form Cu-mb than another metal ions depending on its electron configuration. Fortunately, there is 
a universal order of preference for divalent transition metals, called the Irving-Williams Series, shown in Figure 4. 
Copper happens to be at the top of this series. The right hand side of Figure 4 provides graphs from a study by P. 
Varadwaj that proves out this theory.23 
 
Reference: 1, 6, 9 
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Figure 4. Donor Atom Selectivity described. This is one principle governing metal reactivity in living cells. 
The y-axis of the graphs are the stability constants symbolically represented by logB (top) and the ligand-to-metal 
charge transfer values (bottom). The x-axis are the metals tested (top) and the atomic number (bottom). Each line 
on the graph is representative of a ‘ligand’ that the metal was tested against. The experimental logB values were 
taken from the NIST database and the ligand-to-metal charge values were calculated using Density Functional 
Theory. Both graphs show Cu as having the highest values. The metal with the higher preference has a higher 
stability and is the metal that will be most likely to fill donor ligand sites when cellular homeostasis is compromised. 
Compromised homeostasis can degrade the cellular system in such a way that it can no longer code for certain 
metals in its ligands or select for specific metal-ligand complex uptake at its membrane receptors. This is relevant 
to copper kill mechanisms because an influx in copper ions in the cell may lead to the damaging of structures 
within the cell. 9,23 
 
2.1.2.1.1 Determining Favorability of Cu Oxidation State 
     There are two kinds of copper, Cu(i) and Cu(ii), having one and two valence electrons respectively. Figure 5 
details the full electron configuration for copper. The stability of Cu(i) and Cu(ii) is dependent on their oxidation 
state; even though Cu(i) has completely filled orbitals it is not always more stable than Cu(ii). Sometimes the 
system favors an oxidation state for Cu(i), as is typical in non-aqueous environments, and sometimes it favors an 
oxidation state for Cu(ii), as is typical in aqueous environments.  
 
 
Figure 5. Transition Metals: Chemistry of Copper. The relationship between Cu(i) and Cu(ii) electron configuration and oxidation state.  
Reference: 16 
Reference: 9, 23 
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     Knowing the copper oxidation state matters for Cu kill mechanisms because knowing weather Cu(i) or Cu(ii) is 
dominant or more stable provides an indicator for which ion is being linked to the ligand and taken up by the cell. 
It is possible that different mechanisms may be used for different ions; isolating these specific mechanisms may 
provide clues for if the copper kill mechanisms differ between Cu(i) and Cu(ii) and if the environment (wet or dry) 
affects copper’s kill rate due to the differences in ions present. 16 
 
     It is not a guarantee that microorganisms will take up the more stable copper ion, but the environment will 
behave in such a way as to increase stability of the system, thereby making the concentration of a specific copper 
ion higher than the other and increasing its probability of uptake. Conversely, microorganisms may be able to code 
for the uptake of the lesser ion or may take on the dominant ion and transition it to the less stable ion within the 
cell. There are many options for ion uptake and manipulation, this is just one factor to consider when looking at 
the properties of antimicrobial copper. The favorability of copper oxidation state can be broken into three 
categories including geometry, bonding, and hard-soft acid base theory. 
 
     Cu(i) prefers a tetrahedral geometry and Cu(ii) prefers a distorted octahedral, see Figure 6 for images. For the 
tetrahedral geometry Cu(i) is more stable than Cu(ii) largely due to its electron configuration and ability to excite 
an electron from the ‘s’ to the ‘p’ orbital forming a blended sp3 orbital. For the octahedral geometry Cu(ii) is more 
stable than Cu(i) and it distorts to reduce energy further forming either an elongated or compressed octahedral. 
16, 17 
 
 
Figure 6. Determining favorability of copper oxidation state by looking at the geometry of Cu(i) (left) and Cu(ii) (right). Ionic Mimicry 
(bottom) is discussed as an example of how copper geometry may affect copper kill mechanisms.  
Geometry affects the kind of bonding of copper ions to ligands. It also affects the ability for copper to bond to 
non-copper coded ligand donors. If those donors are looking for a geometry different form copper then it may be 
tougher for copper ions to bond. If the ligand codes for a geometry similar to copper but not for copper itself, it is 
possible that the copper ion may still bond to the ligand in place of another similar ion, also known as ion mimicry. 
This is one way that an influx of copper may be able to trick the cell and get into through the cell wall.9 
 
     Cu(i) favors back-bonding and Cu(ii) does not. An explanation of back-bonding, given in Figure 7, shows that it 
is a two-step process. The first step is that the donor ligand supplies electrons to the vacant d-orbital. In the second 
step the metal ‘backshares’ it’s pi bond with the ligand because the metal is trying to compensate for the increased 
electron density from step one. Step one is best characterized as sigma bonding and is much stronger than that 
the pi bonds seen in step two. 18, 23  
Reference: 16, 17 
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Figure 7. Determining favorability of copper oxidation state by looking at the bonding state of copper with relation to both Cu(i) (left) 
and Cu(ii) (right).  
Since it is tougher for Cu(ii) to form pi acceptor ligand type bonds, it follows that they would be less likely to 
bond to ligands preferring this bonding structure. Similar to ion mimicry, if there is a preferred bonding type on a 
ligand that is not coded for copper, the copper ions may still be able to bond to that site if it has the same 
preferred bonding structure. 
     Hard-Soft Acid Base (HSAB) Theory looks at the metal’s affinity towards donor ligands from a pH perspective. 
The idea being that hard acids associate with hard bases, and soft acids associate with soft bases. Figure 8 
provides a diagram showing the differences between hard and soft acids, as well as a chart detailing bases and 
their structures.  
 
 
Figure 8. Determining favorability of copper oxidation state by looking at Hard-Soft Acid Base Theory. 
Hard acids and bases tend to have higher oxidation states, smaller ionic radiuses, weaker polarizability, and higher 
electronegativity. Cu(i) is a soft acid and Cu(ii) is in the borderline category, which means Cu(i) is more likely to 
bond to a soft base and Cu(ii) to a borderline base [2,9] . 
      
     Metal ion toxicity is proportional to affinity. If more ions make it into the cell, there is a higher chance of cellular 
damage. In order to make it into the cell in higher quantities, the ligand-donor needs to be receptive and copper 
ions needs to want to bond to it. For example, a ligand that has a sulfhydryl group will be more likely to attract a 
Cu(i) ion than another ion because the sulfhydryl group is a soft base. So by increasing Cu(i) affinity, the ligand is 
directly increasing copper toxicity.   
 
2.1.2.1.2 Relationship between Donor Atom Selectivity and Copper Uptake  
Reference: 18, 23 
Reference: 2, 9 ference: 2, 9 
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     In the prior section , methanobactin (mb) is introduced as a ligand donor in methonotrophs with a high affinity 
to bond to copper. Mb can be used as an example again here to describe how understanding the factors affecting 
oxidation state can help in determining what type of copper ion is present at the environment-microbe interface. 
The geometry of mb can be found in Figure 9 as a pyramid-like geometry. It’s more of a distorted tetrahedral with 
the copper ion resting at the base. While the tetrahedral structure favors Cu(i), the structure contains both sulfur 
and nitrogen complexes which favor Cu(i) and Cu(ii), respectively. Research has shown through x-ray 
photoelectron spectroscopy that the favored ion in this case is in Cu(i)22. It is suspected that geometry plays a 
larger role than HSAB for this specific example, but additional research is needed to confirm the hypothesis.  
 
Figure 9. An example of the relationship between donor atom selectivity and copper uptake. Specifically looking at methanobactin 
affinity towards copper.  
Methanotrophs tend to live in soils and areas with high methane, both Cu(i) and Cu(ii) would be present in this 
environment. Depending on if the environment is wet/dry and if the pH is acidic, a different copper ion will be 
favored by the system. Scientists are still trying to figure out how Cu(ii) is transitioned to Cu(i) by mb. It is 
hypothesized that coupling of disulfide bonds and the addition of other donor ligands may play a role in this 
conversion process, but more research is needed to confirm. Mb is just one example of how donor atom selectivity 
and specifically oxidation state play a key role in copper ion metal uptake and increased reactivity/toxicity within 
the cell.  
 
2.1.2.2 Reduction Potential 
     Another principle governing metal ion reactivity is reduction potential. Reduction potential looks at a metal’s 
tendency to acquire electrons; metals having higher standard electrode potentials have a higher tendency to 
acquire electrons. Redox-active metals can be used for physiological functions as the ‘key’ to unlock enzymes, 
otherwise known as catalytic cofactors. An example of this would be Cu-mb from the prior section. Where Cu is 
the metal ion that binds to the ligand donor mb. Cu-mb then gets brought into the body and the copper is used as 
a cofactor to turn on MMO which allows for the production of methanol.  
 
Redox-active metals can also be toxic, the reasons for this will be discussed in the following section. It is shown 
that there is a direct correlation between standard electron potential and a metal’s toxicity 9, 16. Copper is about 
mid-range on standard electrode potential at, +0.34. Other metals higher and lower in standard electrode 
potential are shown in Figure 10. Higher metals that have antimicrobial properties in use today include silver at, 
+0.80, and gold at, +1.52. While gold and silver are more toxic, availability and cost make the use of these metals 
for antimicrobial properties less common.  
Reference: 1, 6, 9 
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Figure 10. Reduction potential described. This is one principle governing metal reactivity in living cells. 
2.1.2.3 Speciation 
    The last principle governing metal ion reactivity is speciation. Speciation looks at the different species of the 
metal that exist. Examples of species that exist for copper would include CuO, Cu(i), and Cu(ii). Other species of 
copper may exist in different structures, as the metal will bind to different parts of the cell, all having varying 
compositions, geometries, and binding preferences, leading to a wide range of Cu-complexes. Factors affecting 
speciation may include pH, ionic strength, and temperature. Two examples of this are provided in Figure 11, which 
looks at gram-negative bacteria and zeolite.  
 
 
Figure 11. Speciation described. This is one principle governing metal reactivity in living cells. 
In gram-negative bacteria, the cytoplasm (space inside cell) of the cell is more of a reducing environment than the 
periplasm (space between outer and inner membrane). Having a cytoplasm with more of a reducing environment 
allows the cell the ability to change the species of copper. This may be useful in reducing copper’s toxicity or could 
have the opposite effect depending on environmental factors and if the cell is in homeostasis.9 Zeolite provides an 
example of how environmental change, specifically temperature, may have differing effects of species of copper. 
Zeolite is an aluminosilicate mineral containing NOx complexes. When CuO bonds to NOx it enhances the reduction 
Reference: 9, 16 
Reference: 9,14 
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of NOx at low temperatures. But if Cu(ii) were to bond to this same complex, it would only support reduction of 
NOx at high temperatures.14 Temperature, pH, and other factors may serve as catalysts in eliciting toxic responses 
from various copper species.  
 
2.1.3 Copper Toxicity and Tolerance by Microorganisms 
     Redox potential is a vital principle in cell physiology, but may also be toxic to the cell if the range grows too high 
or there is an influx of production of damaging species, as seen in Figure 12.  
 
 
Figure 12. The Toxicity of Copper in Microorganisms 
 
Acceptable Cu-protein redox potential is 200-800mV, if the voltage were to exceed this range it may damage the 
cell 9. Additionally, the development of Hydroxyl radicals and the depletion of sulfhydryls may oxidize important 
proteins, lipids, and other building blocks that are needed by the cell. The formation of hydroxyl radicals is also 
known as the Fenton type reaction, where Cu(i) reacts with hydrogen peroxide to form hydroxyl radicals. The 
depletion of sulfhydryls occurs when Cu(ii) reacts with sulfhydryls breaking them up, with one of the byproducts 
being hydrogen. The hydrogen can then go into a second reaction with Cu(i) resulting in formation of hydrogen 
peroxide, which may be used to fuel more of the Fenton-type reactions. While this cycle is a promising argument 
for toxicity, there is skepticism amongst scientist that it is enough to cause cell death, especially since cells have 
many built-in mechanisms to reduce and maintain low levels of hydrogen peroxide.6 
 
     Many microorganisms have built-in copper tolerance mechanisms, some of which are detailed in Figure 13. 
Protective barriers on the outside of the cell exists to trap harmful metal ions, known as extracellular 
sequestration. This can be seen in the form of loose or anchored polymers that trap or encapsulate the toxic ions. 
A similar process may occur inside the cell, termed intracellular sequestration.  
 
Reference: 6, 9 
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Figure 13. The Tolerance of Microorganisms to Antimicrobial Properties of Copper 
 
At the cell membrane level, there is the ability to reduce uptake by turning membrane transporters off or having 
membrane transporters coded to move the toxic ions out of the cell. Inside the cell, the microorganisms may be 
able to change their chemical state, changing toxic ion species into non-toxic substances or reversing redox 
reactions. And for cell’s that need a certain ion to run physiological pathways, it may develop alternative pathways 
that do not need the toxic ion. There is also the option of repair, but this can be limited by energy, resources, and 
time. Many of these mechanisms are effected by the rate of influx of toxic metals and the persistence of attack. 
Eventually cellular systems and protective barriers are overcome and the cell succumbs to the invasion of toxic 
ions. 9 
 
     Four main bio-factors affecting antimicrobial copper efficacy are: size, morphology, physical structure, and 
coded structure; see Figure 14 for more details.  
 
 
Figure 14. Summary of ‘BioFactors’ affecting efficacy testing of antimicrobial copper. 
 
These factors may work individually or in combination to either increase or decrease the effects of antimicrobial 
copper. A cell with a certain morphology may have external structures that have a tendency to form clusters with 
surrounding cells, but if the size of each cell is too large in comparison to the surface topography, then there may 
be densification with no reservoir formation. One such situation may occur where there is nano-roughness, but 
Reference:  9 
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the cell is microns wide in size. Or the opposite may occur where the cells are small enough and reservoirs form 
between nano peaks and valleys.  
 
     Physical structure, like selective proteins on the cell membrane, may allow for only semi-permeability which 
can regulate initial uptake of ions. If the influx of ions increases, breaking through a section of the membrane, then 
larger cells may stand more of a chance of repair and survival. Also, cells with the ability to code for various changes 
to proteins, cell pH, and secondary pathways will have a higher chance of survival against toxic copper ions.  
 
     These factors hold different significances within each microorganism. There is much for scientists to continue 
to characterize by way of physical, chemical, and environmental factors affecting cellular defense mechanisms 
against copper ions.  
 
2.1.4 Contact-Killing Mechanism 
 
     The main mechanisms for contact killing of copper are detailed in Figure 15. The copper kill mechanism is broken 
into four stages: 1) Copper dissolving, 2) cell membrane rupture, 3) copper induced reactive oxygen species (ROS), 
and 4) DNA degradation. These stages have been identified through observation of commonalities in efficacy 
testing of microorganisms in combination with the laboratory testing done on chemical and biological pathways 
of the cell.  
 
 
Figure 15. Copper kill mechanisms described and conclusions drawn based on the lessons learned from the laboratory 
and hospital testing compiled in the results section.  
 
In Stage 1, copper dissolves to form copper ions which are then released into the environment. The copper ions 
make their way to the cell using donor ligand receptors, or directly adhering to the external cellular membrane. 
The cell may use some of the copper for its physiological function, but when the concentration of copper becomes 
too great, both inside and outside the cell, preventative mechanisms are turned on to try and prevent rupture of 
the cell membrane and its internal structures. These preventative mechanisms may include backwards ion pumps, 
isolation and extrusion of ions from the matrix, and preventative use of external proteins to trap harmful ions that 
may try to land on the surface. In Stage 2, the cell’s resistance mechanism give way and copper ions break through 
the cell releasing the cytoplasm. In Stage 3, the buildup of such a high copper ion concentration within the cell 
leads to the formation of damaging reactive oxygen species through redox reactions and the continued destruction 
of the cell’s internal structures. As the copper makes its way through the cell, it reaches the DNA. If the DNA is not 
encased, the ROS react to degrade it in Stage 4. If a nuclear membrane is present it may take more time to reach 
the DNA, but eventually the influx of copper ions will break through as they did with the cellular membrane.  
Reference: 6 
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These four stages comprise the modern view of the copper kill mechanism. The specific pathways for copper entry 
into the cell and the order in which internal cellular structures are attacked by copper ions are still being 
researched. Much more research is needed to understand the variation in copper kill rate between 
microorganisms and the external factors affecting this range in antimicrobial effectiveness. In the meantime, a 
general baseline for effectiveness has been set by the CDC and supported by the EPA that, surfaces containing 
60% or higher copper are antimicrobial and that surface toxicity increases with increasing copper content.  Figure 
16 lists some of the common myths and facts for Copper.  
 
 
Figure 16. Facts and myths about Cu 
 
In addition to 60% +Cu being antimicrobial, patinas and thin oxide layers do not appear to affect the 
antimicrobial properties. In dry environments the Cu can perform better than in moist environments and 
cleaning does not mitigate the properties of the Cu surface. 11, 12, 19 
 
2.1.5 Relationship between Antimicrobial and Material Properties 
     The prior sections have discussed factors affecting Cu contact-killing from a bio and chemistry perspective. It is 
important to look at prior research to also determine the effects of manufacturing processes on end material 
properties and how this may play a role in changing antimicrobial properties of Cu. The work discussed in Figure 
17 comes from the Army Research Labs Cold Spray division.  
 
 
Figure 17. Relationship between Manufacturing, End Material Properties, and Antimicrobial Effectiveness 
 
The works shows that as the velocity of powder deposition increases, this changes the material properties of the 
end sample resulting in increased antimicrobial effectiveness. More work is needed to determine exactly what 
material and mechanical property changes occur that affect the antimicrobial properties. The ARL group has 
hypothesized that the high velocity of cold spray allows for increased dislocation density and that with more 
dislocations there are more opportunities for ions to flow via pipe diffusion from the bulk material to the surface 
Reference: 4 
Reference: 11, 12, 19 
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and into the environment. Dislocations can be measured through hardness testing where there is a proportional 
relationship. The same group has shown that hardness is much greater for the cold spray than other additive 
manufacturing processes. More work may be needed to determine if pipe diffusion is the main factor affecting 
the change in antimicrobial properties.4  
 
The scope of this project does include work to analyze microstructure, surface roughness, surface composition, 
and ion release for both nanomaterial and conventional Cu cold spray coatings to better understand cu-ion 
movement in relation to Cu-kill mechanisms.  
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3. Paper #1: The Effect of Nano-Scale Surface Roughness on Copper Cold Spray Inactivation 
of Influenza A Virus 
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Abstract  Copper has been identified as an antimicrobial material, with over 450 copper alloys approved by 
the EPA [8]. Previous work with conventional and nanomaterial copper cold spray surfaces has demonstrated 
efficacy in percent reduction of both MRSA and Influenza A Virus, with nanomaterial copper having better 
results for virus efficacy than conventional copper [1]. The main mechanism of copper contact killing is 
believed to be Cu ion release [12]. The surface roughness of the conventional and nanomaterial copper cold 
spray surfaces was examined in order to further explain the mechanisms that caused the observed difference 
in Influenza A virus efficacy testing. Results showed that both the percentage of grain boundaries and surface 
roughness may be contributing factors in copper’s kill-mechanism at the nano-scale. The surface roughness 
below 0.1um2 and above 1000um2 was much greater for nanomaterial copper surfaces than conventional 
copper, however the opposite was true between these values. It was determined that there appeared to be 
a localized relationship at the nano-scale between increased surface roughness and percent Cu ion diffusion, 
similar to the relationship of ion diffusion to the percentage of grain boundaries [1]. However, further 
research is needed to uncouple the individual contribution of surface roughness and grain boundaries to 
copper kill rate.  
Keywords: Surface Roughness, Relative Area, Cold Spray, Nanomaterial Copper 
1. Background 
     The Center for Disease Control (CDC) states that the number of deaths per year due to Influenza and Pneumonia 
related illnesses has reached up to 55,227 in select years [7]. Additionally, MRSA causes approximately 14,000 
deaths and 250,000 hospitalizations per year [5]. Self-cleaning surfaces, such as copper, are being used in hospitals 
to prevent the spread of infectious diseases across medical equipment and work surfaces [20, 14]. It is believed 
that the contact killing mechanism for microbes is copper ion diffusion, indicating that with increases in Cu 
concentration there is an increased kill rate [12]. Cold spray is an additive manufacturing method used to coat 
surfaces with Cu and other metals. Cold spray propels metal powder particles at a high velocity (600-1000 m/s) 
and relatively low temperature (100-500°C) at a substrate to form low porosity and low oxide coatings. The high 
hardness and density of the coating from the cold spray process results in an increased kill rate as compared to 
other additive methods using lower-velocity processes [9].  
 
     This is a follow-on study to the paper “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on Inactivation 
of Influenza A Virus” [19]. This paper explores the relationship between work hardening, grain boundaries and ion 
diffusion. Where, the velocity of the cold spray process coupled with the unique grain structure of the 
nanomaterial Cu allows for increased kill rate of Influenza A Virus. Cold sprayed nanomaterial Cu coating was 
compared to cold sprayed conventional Cu coating, which contained larger particles with fewer grain boundaries. 
The results from testing are shown in Figure 1. [19] 
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Figure 1: Percent reduction of MRSA and influenza A virus after 2 hour exposure to various copper deposits. [19]    
     In the above graph, it is shown that copper surfaces have a higher kill rate for MRSA than for Influenza A. It is 
hypothesized that surface roughness at the MRSA (0.5- 1.0 μm) and Influenza A (80-120 nm) scales are a leading 
factor in percent reduction [17, 6]. A mismatch in size between the surface roughness and the scale of the 
microbe leaves large surface pockets available which increases the likelihood of microbe congregation to form 
reservoirs of thriving bio organisms [21]. Additionally, the mismatch in roughness can contribute to the ability of 
microbes to adhere to a surface [13]. Roughness may cause destabilization of cell membranes and viral capsids 
through both increased toxic Cu ion transfer and puncture of the cell wall [11].  
 
     Topography also results in greater contact area and may significantly influence the transfer or dissolution of 
ions from the material [22]. The roughness of the cold sprayed nanomaterial copper on the nanoscale could be 
providing a greater advantage for microbe reduction than that of conventional copper. Similarly, the relationship 
between surface roughness and conventional copper on the micron scale could provide a greater advantage than 
that of nanomaterial copper at that level. In order to measure at both the micro- and nanoscales, this paper uses 
3D confocal microscopy and atomic force microscopy, respectively. 
 
     Current research on contact killing of bacteria on copper shows that the suppression of bacteria-metal contact 
prevents killing [13]. Less work has been done quantitatively for topology, with most surface assessments relying 
on conventional roughness parameters such as Ra, which lack spatial specificity and fine scale sensitivity [4]. 
Microbes of different sizes interact with a surface at different length-scales, thus it is important to characterize 
the surface topography with a scale sensitive technique. This paper focuses on multiscale analysis, using the fractal 
tiling method developed by Brown et al which simulates the effect of different observational scales on surface 
area [2]. Unlike many multiscale methods, this technique has a clear physical interpretation, and surface area has 
a direct effect on a wide range of surface phenomena [4]. 
 
     Through multiscale analysis, area scale, complexity, and volume scale plots can be formed. Area scale is a fractal 
tiling method where the surface is tessellated with triangles of the same size in order to determine the observable 
area at the scale of those tiles. Large-scale features affect relative area values at finer scales. Large-scale features 
are still contributing to the total area regardless of the observable scale. Complexity removes the influence of 
large-scale features at the scale of observation, whereas relative area is dependent on all the features that are 
larger than it. Complexity is the first derivative of the area scale plot, which shows the roughness at a particular 
scale. Volume scale analysis looks at how volume varies at different scales of observation or the fraction of space 
that can be filled. [2] 
     
     The aim of this research is to provide further analysis of surface metrology on the micro- and nanoscales to 
better understand the reason why consolidated nanomaterial Cu performs better than conventional Cu in percent 
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reduction of Influenza A Virus and to relate findings to why the coating did not perform as well as in percent 
reduction of MRSA. Characterizing the factors affecting Cu antimicrobial efficiency will help in better 
understanding the kill mechanism and in future optimization of the Cu coatings for healthcare applications.  
2. Test Procedure 
2.1. Cold Spray  
     Cold spray samples from the prior paper, “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on 
Inactivation of Influenza A Virus” [19], were used. The pure Cu cold spray coatings on aluminum substrates are 
approximately 0.05 mm thick. The nano-agglomerate copper (Eltron) and conventional copper (Praxair Cu-159) 
powders are produced through spray drying and gas atomization, respectively. Due to the low mass of the 
nanoparticles, they are bound into agglomerates using conventional Cu as the binder and spray dried [16, 18]. For 
more information on the materials and cold spray process parameters see reference 19.   
2.2. Visual and Microstructural Analysis 
     The interior of the coatings was studied through microscopy to illustrate the difference in grain size and number 
of grain boundaries between the nano and conventional copper coatings. The conventional Cu coating was cross 
sectioned in a Helios NanoLab G3 UC DualBeam scanning electron microscope/focused ion beam (SEM/FIB) and 
imaged with the ion beam. A thin film of the nano Cu coating was prepared in the same SEM/FIB and imaged in 
an FEI Talos F200X scanning/transmission electron microscope (STEM). 
2.2.1. Measurement Analysis 
     The grain sizes of the conventional and nanomaterial Cu cold spray deposits were measured in an Olympus 
Stream Image Analysis Software. More than 50 grains were measured per category. Grain outliers were removed 
with Dixon’s Q-test, and the range and average are reported for each category. 
2.3. Surface Roughness Measurement 
     Topographic measurements at micrometer length scales were taken with an Olympus Lext OLS4100 scanning 
laser confocal microscope.  Imaging was performed with the 50x objective providing magnifications at 1080x. 
 
     To investigate the topography at nanometer length scales, measurements were taken with a Nanosurf Naio 
AFM operating in contact mode. The cantilevers used were MikroMasch HQ:CSC17 cantilevers and the image 
resolution was 1024x1024. 
2.3.1. Measurement Analysis 
     The confocal measurements were filtered to remove spurious points using the outlier filter in software 
MountainsMap by Digital Surf. The points removed comprised <0.01% of the total surface. The AFM images were 
not filtered. Area-scale fractal analysis was performed with Sfrax by Surfract with the Four Corners Full Overlap 
tiling algorithm. Sfrax was used to analyze the surface data for volume scale where the volume-ratio was used 
with the ratio being one [3].  
3. Results and Discussion 
3.1. Microstructure  
     The cross-sectional FIB image of the conventional Cu coating cold sprayed with gas-atomized particles is shown 
in Figure 2. The lens-shaped deformed particles are evident, as well as highly plastically deformed particle 
boundaries. A large particle with several larger grains is found in this cross section. A higher magnification image 
of the largest grains and a particle-particle interface is shown in Figure 3. This region at the particle-particle 
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interface, where the most plastic deformation occurred, contains bands that formed during the cold spray process 
with smaller grains than in the interior of the particles [15].  
 
Figure 2: Cross-sectional focused ion beam image of the conventional copper coating 
 
Figure 3: Higher magnification cross-sectional focused ion beam image of the conventional copper coating 
     A STEM image of the nanomaterial Cu coating cold sprayed with spray dried nanoparticle agglomerates is shown 
in Figure 4. The different contrasting stripes are an artifact from sample preparation. In order to understand the 
different regions of this sample, it is important to know the material inputs. During fabrication, micron-sized 
particles are formed by spray-drying nano particles that were aglomerated with a pure copper binder [18]. As a 
result, this sample includes regions of conventional copper with micron-sized grains, as well as areas of 
nanostructured copper. The lighter regions that are swirled with the micron-sized grains contain the 
nanostructure. A higher magnification image of the nanostructure copper is shown in Figure 5.  
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Figure 4: STEM image of nano copper coating 
 
The nano-sized grains of the nanomaterial Cu are shown clearly in Figure 5. The particle in the middle that is 
surrounded by a hole in the sample that formed during sample preparation is hypothesized to be one of the 
agglomerated particles that contains nanoparticles. It is known that an increase in grain boundaries and 
dislocations increases ion diffusion, which is believed to be the main mechanism for contact killing of microbes 
[12]. The nano-grains in the nanomaterial Cu allow for increased kill rate of the Influenza A virus.  
 
 
Figure 5: STEM image of the nano copper coating showing the nanostructured particles      
 
     Grain size measurements were made of the nanomaterial and conventional Cu and a summary of the results is 
reported in Table 1. For the cold sprayed conventional Cu, the average size of the majority of the grains was 0.2 
+/-0.2 microns, while the largest of the grains in the sample were 2.2 +/-1.5 microns with the largest being almost 
5 microns in diameter. The cold sprayed nanomaterial Cu contained nano-sized grains as well as micron-sized 
grains, measuring an average 10.6 +/-2 nm and 0.4 +/-0.1 microns, respectively. The size of the nano-grains is the 
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clear difference between the samples and must be one of the factors affecting the higher virus kill rate in the 
nanomaterial Cu. 
 
Table 1: Grain size measurements 
 Conventional 
Coating 
Nanostructured 
Coating  
Conv 
grains 
( m) 
Large 
grains 
( m) 
Nano 
grains 
(nm) 
Conv 
grains 
( m) 
Min 0.1 1.0 7.3 0.2 
Max 1.0 4.9 15.1 0.7 
Ave. 0.2 2.2 10.6 0.4 
 0.2 1.5 2.0 0.1 
3.2. Surface Roughness 
     The results of the area-scale analyses are displayed in Figures 6, 7, and 8. Area scale analysis looks at how area 
varies at different scales of observation [2]. In this case, the below figures detail changes in surface roughness on 
the micro- to nanoscales representative of the size scales for MRSA (0.5-1um) and Influenza A virus (80-120nm) 
[17, 6].  
 
     The cold sprayed conventional and nanomaterial copper surfaces are shown at the 50X objective in Figures 6. 
Less of a change in slope is seen between the large-scale measurements taken with the 3D confocal microscope 
as compared to the smaller-scale measurements taken with AFM.  
 
 
Figure 6: 3D confocal Images at 50X A) conventional Cu B) nanomaterial Cu. AFM images at 15x15 um^2  C) conventional Cu D) 
nanomaterial Cu. 
 
     Visual inspection of the 3D confocal measurements between the conventional and nanomaterial Cu shows what 
appears to be greater roughness in the latter sample. The relative area and complexity plots confirm the visual 
assessment made above. Plots based off the 3D confocal measurements are shown in Figure 7. The yellow line in 
both the relative area and complexity plots indicates the scale at which MRSA is present, 0.5-1um [6]. The green 
line in the plots is an indicator for 3D confocal optical resolution limit. 
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Figure 7: From 3D Confocal data- A) Relative Area Plot at 50X, and B) Complexity Plot at 50X  
 
     Quantification of the relative surface area of the 3D confocal measurements in Figure 7A shows that above 
1000um2, nanomaterial Cu surface area is greater than that of conventional Cu. Again, below 10um2, nanomaterial 
Cu has the greater surface area. The complexity plot in Figure 7B allows for a clearer image of the transition in 
surface roughness at 10um2, as complexity removes the influence of large-scale features at the scale of 
observation.  
 
     Despite nanomaterial copper’s greater surface roughness, it does not seem to have an impact on the kill rate 
of MRSA at the 2-hour mark, as both the nanomaterial and conventional surfaces show 99% reduction of MRSA at 
that timepoint [19].  
 
     The relative area and complexity plots based on AFM measurements are shown in Figure 8. The yellow line in 
both the relative area and complexity plots indicates the scale at which MRSA is present, 0.5-1um [17]. And the 
red line indicates the scale at which Influenza A Virus is present, 80-120nm [6]. Note that while the green line 
indicating 3D confocal optical resolution limit is not present, the value falls between the red and yellow lines.  
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Figure 8: From AFM data- A) Relative Area Plot at 50X, and B) Complexity Plot at 50X  
 
     The relative area plot of the AFM data shows an increase in nanomaterial Cu surface roughness with decreasing 
scale. The complexity diagram in Figure 8B shows a relationship between decreasing scale and increasing 
difference in surface roughness between the nanomaterial and conventional Cu, where nanomaterial Cu continues 
to increase in surface area and conventional Cu stagnates.  
  
     Greater surface roughness may impact antimicrobial effectiveness of cold sprayed nanomaterial Cu against 
Influenza A Virus, as the nanomaterial Cu surface shows greater perecent reduction of the virus over a 2-hour 
period compared to conventional copper [19].  
 
     Volume scale analysis looks at how volume varies at different scales of observation [3]. Volume scale 
comparison at the micro- and nanoscale is presented in Figure 9. The y-axis of the graphs is a measurement of 
fraction volume filled, which shows at a given scale how much of the surface is filled in. Nanomaterial Cu has much 
greater fraction volume filled at both the nano-scale in Figure 9B and micron-scale in Figure 9A than conventional 
Cu. Viewing the volume scale graphs at the MRSA scale, 0.5-1um, and Influenza A Virus scale, 80-120nm, the same 
observation holds true. This indicates that the nanomaterial Cu has greater pockets and reservoir formation than 
conventional Cu. While the exact diameter of the pockets/reservoirs is not able to be determined from the volume 
scale data provided, the starting size can be estimated at ~102 um2 as seen from the confocal measurement in 
Figure 9A.  
      
     Fraction volume filled is a good determination of the amount of volume held by the sample in relation to itself, 
but it does normalize the effect of minimum and maximum points on the surface, where nanomaterial Cu has a 
much wider range than that of conventional Cu, as previously shown in surface roughness Figures 7 and 8. While 
fraction volume filled shows the structural difference between the two samples, it does not allow for a direct 
comparison between the two; total volume measurement is needed for that.  
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Figure 9: Volume scale A) Confocal B) AFM 
 
     Complexity, the slope of the fraction volume filled, is shown in Figure 10.  
 
Figure 10: Volume scale Complexity A) Confocal, B) AFM 
 
     Volume scale complexity indicates how quickly the surface jumps from small to large pockets/holes. High 
complexity values indicate a short gradient between small and larger holes, indicative of a bi-modal distribution 
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with very small and very large holes but minimal medium-sized ones. Whereas low complexity values indicate 
longer, more gradual or gausian-like gradients with a wider range of sizes between the small and large holes. Cold 
sprayed conventional Cu has slightly higher complexity values than nanomaterial Cu showing a quicker change in 
pore size. The nanomaterial has a more gradual change in pore size, most likely due to the powder containing both 
nanoparticles and conventional Cu binder.  
4. Conclusion 
     Two factors affecting copper kill mechanisms include the percentage of grain boundaries and surface area. An 
increase in grain boundaries allows for increased Cu ion diffusion [10]. Surface roughness is proportional to surface 
area [22]. Depending on the powder particles used in the cold spray process, increased surface area could be an 
indicator of an increased number of grain boundaries. However, greater surface roughness can also mean more 
area for reservoir development [13].  
 
     As seen in the micrographs and measurement of grains, cold sprayed nanomaterial Cu has much smaller grains 
than cold sprayed conventional Cu. This supports the efficacy testing data showing nanomaterial copper with 
greater percent reduction of Influenza A Virus than conventional copper. However, both the nanomaterial and 
conventional copper surfaces appear to have the same percent reduction on MRSA after 2 hours.  
 
     Surface roughness may also contribute to copper kill-rate at the nanoscale, as seen in the 50X relative area scale 
plot in Figure 8. The surface roughness of nanomaterial Cu is much greater than conventional Cu at the scale of 
Influenza A and supports the efficacy testing that showed greater percent reduction of Influenza A by nanomaterial 
Cu than conventional Cu. The surface roughness of nanomaterial and conventional Cu is much closer for the MRSA 
scale, with nanomaterial Cu having slightly greater values. Surface roughness does not seem to affect the efficacy 
testing of MRSA as the percent reduction results at 2 hours are the same for both materials [19].  
      
     Volume scale data supports the area scale results with cold sprayed nanomaterial Cu having much greater 
fraction volume filled than conventional Cu at both the micro- and nanoscales. Interestingly, complexity values 
show steeper gradient for conventional Cu then nanomaterial Cu, indicating a greater pore size variation for the 
latter, most likely due to the differences in powder production.  
 
     At larger scales (0.1 um2 and above) surface roughness seems to have less of an effect on kill-rate than at the 
nanoscale. Follow-on research is needed to determine to what extent the variables of percent grain boundaries 
and surface roughness are coupled. Performing regression testing to determine optimal material surface 
roughness for fastest kill-rate may provide further insight [2]. Additional testing is also needed to determine if the 
kill-rate between the two surfaces varies prior to the 2-hour exposure time. And quantification of the percent of 
grain boundaries on both the conventional and nanomaterial copper surfaces at the micro- and nanoscale is 
needed to confirm that proportionality between surface roughness and percent grain boundaries.  
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Abstract Copper cold spray coatings have greater success at contact-killing of microbes than other additively 
manufactured copper coatings [7]. While work has been done to increase antimicrobial properties through the 
use of nano-agglomerate Cu powder, it is possible to further optimize copper cold spray antimicrobial 
properties with an improved through process model[34]. Conventional copper cold spray single particle impact 
is modelled using Johnson-Cook (JC) and Preston-Tonks-Wallace (PTW) in Abaqus finite element (FE) software 
to determine von Mises flow stress and particle morphology. Results show the von Mises flow stress for JC at 
367MPa and PTW at 394MPa, with discrepancies largely due to the different initial assumptions/inputs made. 
Model outputs are compared to microstructure, static nanoindentation of powder/single-splat/consolidated 
Cu, and novel dynamic nanomechanical testing of consolidated coatings. Results from JC and PTW show 
similar morphology to the single-splat micrograph, with PTW having more accurate results for jetting and 
particle-impact geometry. Calculated flow stress values derived from static and dynamic nanoindentation test 
data show some discrepancies as compared to the model values, which may be due to assumptions made in 
the empirical formulas and differences in initial feedstock used. Additional work is needed to perfect the 
current models and to modify them for nano-agglomerate Cu powder single and multi-particle impact. 
Continued work with the model may afford the ability to pinpoint the best cold spray parameters for use in 
optimization of antimicrobial properties while still maintaining the structural integrity of the material.  
Keywords: Antimicrobial Copper, Cold Spray, Johnson-Cook, Preston-Tonks-Wallace, Nanoindentation   
1. Background 
     Copper cold spray coatings have been identified as having greater antimicrobial effectiveness than other 
additive methods, with the high impact velocity of the cold spray process (600-1000 m/s) being the main 
contributing factor [7]. This paper builds off of prior work from the paper “Effectiveness of Nanomaterial Copper 
Cold Spray Surfaces on Inactivation of Influenza A Virus“, where copper cold spray antimicrobial properties are 
improved with the use of nano-agglomerate Cu powder [34].  
     Continued optimization of surfaces is important for combating growing antibiotic resistance [7, 8]. Models can be 
used to determine the best cold spray parameters to use for optimization of antimicrobial properties, while still 
maintaining the structural integrity of the material, and may help understand Cu kill-mechanisms [22, 24]. This work 
aims to set a baseline for modelling of copper cold spray by first looking at single-particle impact of conventional 
Cu.  
     Two models based in Abaqus FE software are considered: 1) Johnson-Cook (JC), and 2) Preston-Tonks-Wallace 
(PTW). Both are high-strain-rate plasticity models that take inputs from cold spray process parameters and can 
output impact temperature, velocity, von Mises flow stress, plastic equivalent strain, and morphology data. von 
Mises flow stress is the average between yield stress (YS) and ultimate tensile stress (UTS), which is the flow stress 
required to allow elesto-plastic deformation to continue to plastically deform the material [9].   
     The JC model, in use since the 1980’s, breaks down above 105/s strain rate. PTW is a newer model that does 
not rely on empirical materials models, but rather on thermodynamics and can provide accurate plasticity behavior 
from 10-3 – 1013/s strain rate. However, the same meshing constraints apply for both models, making it difficult to 
model nanomaterials. This paper looks at the single particle impact for conventional copper powder with both JC 
and PTW. [31, 16, 28] 
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     To validate the modelled flow stress output, modelled strain values can be used in Hollomon’s (power) Law 
equation to determine the output stress for Cu in its annealed state [2, 32], with the equation as follows: 
 (4)      
Where K is the strength coefficient for annealed Cu (315 MPa), ℇ is the modelled strain, and n is the strain 
hardening exponent for Cu (0.54) [6]. The power law does not account for strain rate, making it a tool to estimate 
the general magnitude of the modelled flow stress outputs. Further materials microstructure and hardness testing 
is needed to understand model validity and impact.  
     For the impact of a single copper particle, there are morphologies/microstructures specific to the cold spray 
process including particle deformation, jetting, and substrate-particle interlocking. Particle deformation occurs 
from high particle velocity on impact. For Cu powder propelled in a carrier gas towards a static Al substrate, the 
Cu powder momentum is transferred on impact in the form of kinetic energy to the surrounding Al substrate 
causing deformation. Jetting occurs from severe plastic deformation at the particle/substrate interface where 
material from both the particle and substrate push up along the interface edge. The particle still has downward 
momentum as the ‘jet’ material continues to flow out/up, this downward pressure allows for the mixing of the 
particle and substrate to form a strong bond. [11, 31, 18]  
     Nanoindentation can be used alongside microstructural examination to capture nanohardness and mechanical 
data to validate JC and PTW models. Static nanoindentation test data using a Berkovich tip can be converted to 
Vickers Hardness Number (VHN) through a geometrical relationship where the projected Berkovich tip cross-
sectional area at a given depth matches the area of a Vickers indenter tip at the same depth. The derived equation 
is as follows [26, 13, 25]: 
1)   VHN= 0.0945 * NI (MPa) 
VHN can then be converted to YS. An empirical relationship has been developed for bulk cold-worked Cu alloys for 
both YS and UTS that takes into account the effects of cold working and strain hardening on yield strength of the 
material [20]:  
2)       UTS = 3.353 ∗ VHN (MPa) 
3)       YS = 2.874 ∗ VHN (MPa) 
The flow stress can then be determined by taking the average between the YS and UTS values.   
     The change in tip geometry from a sharp Berkovitch tip to a spherical tip allows for the continued measurement 
between elastic, elasto-plastic, and plastic conditions along the indentation curve. Measurements can be 
converted to stress/strain values and plotted to find YS and UTS using prior work from Pathak, Kailidini, and Leitner 
[27,23].  
     Hardness measurement can also be used to predict cold spray microstructural properties in powder and 
consolidated coating using the Hall-Petch relationship, which states that grain-boundary strengthening, and 
subsequent material yield strength, increases with decreasing grain size [5].  
     This work uses JC and PTW models for single-particle impact of conventional copper powder on an aluminum 
substrate. Model outputs of flow stress and morphology are compared to measured microstructure and hardness 
values. Follow-on work is needed to model the single-particle impact of nano-agglomerate copper powder and 
the effects of multi-particle impact. Creating a relationship between cold spray parameters and end material 
properties will allow for future optimization of copper cold spray coatings, including improvement of copper 
antimicrobial properties.  
2. Test Procedure 
2.1. Consolidated Cold Spray 
     Cold spray samples of conventional and nanomaterial copper (0.5mm thick) on aluminum substrates are used 
from the paper, “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on Inactivation of Influenza A Virus” 
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[34]. The conventional Cu powder (Praxair) is made through gas atomization of pure Cu. The nano-agglomerate Cu 
powder (Eltron) is made from spray drying, where nano particles ranging 60-80nm in size are encapsulated in a 
pure Cu binder. The particle size of the nano-agglomerate Cu powder is an average of 25um, and the conventional 
Cu powder is a range of -31/+5 microns in size; both powders are shown in Figure 1.  
 
Figure 1: SEM images of Nano-agglomerate (A+B) and Conventional (C+D) Cu Powder 
2.2. Fast-Raster Single Particle Splats 
     The VRC Gen III MAX cold spray system at the Pennsylvania State University (PSU) Applied Research Lab was 
used to deposit individual particles on four 1.00 in x 6.00 in x 1/8-in thick Al 6061 substrates. This single-splat 
fabrication via “fast-raster” cold spray resulted in single particle deposits for experimental analysis in support of 
the FEA work. The powder used from PSU was gas atomized pure Cu, 20um in size. While the conventional Cu 
powder used for the consolidated samples was not the same as the “fast-raster” powder, it resembled the powder 
closely. Due to availability and cost, the nano-agglomerate Cu powder was not used in the “fast-raster”. 
2.3 Mechanical Properties 
     Static nanoindentation is performed with the Keysight G200 Nanoindentation System on powder, single-splats, 
and consolidated cross-sections samples for conventional and nanomaterial copper. Dynamic nanoindentation is 
performed with an iNano (Nanomechanics Inc) on the consolidated cross-sections for both conventional and 
nanomaterial copper. For static testing, the machines are equipped with a Berkovich-shaped diamond indenter tip 
(Micro Star Technologies) and the pre-defined “Express Test for Thin Films Large Table – Batch” was used. For 
dynamic testing, a spherical diamond based indenter tip (Synton-MDP LTD) with a desired spherical radius of 2.1 
um was used with the continuous measurement of stiffness (CSM) option provided by default on all 
Nanomechanics IIT systems. 
     All of the nanoindentation samples were mounted prior to testing (see section 2.4). The hardness of the powder 
was determined after testing 30 different particle cross sections. A 5 x 5 indent array was defined for each of the 
powder particles and for the consolidated samples. For the static measurement of the conventional Cu single splat 
and both the static and dynamic measurement of the consolidated conventional and nanomaterial Cu, the coatings 
were oriented such that the indenter tip was normal to the coating-substrate interface, as seen in Figure 2.  
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Figure 2: Nanoindentation of A+B) conventional Cu, C+D) nanomaterial Cu 
2.4 Microstructural Analysis 
     For mounted powder and consolidated cross-sections, the Buehler Simplimet 4000 Mounting System was used 
with phenolic powder (Buehler 20-3200-080) and powdered mold release (Buehler 20-3048). The standard 
procedure as defined by Buehler was used with heat time of 4 minutes, cool time of 3.5 minutes, pressure of 
4400psi, and temperature of 360F. Prior to mounting, consolidated samples were cut using a band saw followed 
by Worcester Polytechnic Institute’s Buehler Center of Excellence IsoMet High-Speed Pro Precision Cutter for a 
cleaner cut; only the latter was used for the single splat sample. For both the powders and the coatings a 0.05 
micron surface finish was achieved using a Struers made Tegramin-20 auto polisher with pads of 1200grit, 3um, 
and 1um with DP-Suspension-A, followed by colloidal silica suspension (OP-S) used with a MD Chem Polishing Pad. 
In between each polishing step, the samples were ultrasonically cleaned in ethanol and dried using compressed 
air. 
     SEM micrographs were taken of both powder and consolidated cross-sections in a W-source SEM (Zeiss EVO-
MA10) at an accelerating voltage of 10 and 15 kV. SEM images of powder were taken from both mounted powder 
cross-sections and loosely sprinkled powder on double-sided SEM mounting tape. Consolidated samples were 
cross-sectioned and mounted. Both secondary electron (SE) images and backscattered electron (BSE) images were 
taken. After initial imaging, samples were etched to reveal the grain structure using a 25% nitric acid-75% DI water 
solution, then re-imaged. Optical single-splat cross-section images were taken with a Olympus Gx71 Stereoscope. 
The images were captured using the Stream Essentials image analysis software by Olympus. 
2.5 Modelling 
    The finite element models were developed using Abaqus CAE 2017 (Dassault Systemes). The substrate size was 
assumed to be 1000x1000x250um to allow modelled stress to propagate freely through without having to modify 
boundary conditions. Other assumptions include the particle and contact distance, which are placed nearly in 
contact with the substrate being fixed in the X,Y, and Z directions. The particle was given a predefined velocity and 
temperature prior to impact. The predefined inputs can be seen in Figure 3 and originate from Penn State 
University (PSU) simulation software.  
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Figure 3: Predefined Model Inputs 
 
     For a 25 micron particle sprayed with nitrogen at 450 C and 500 psi (34.47 bar), the estimated particle 
temperature at impact was 210 C and the estimated velocity at impact was 575 m/sec. These parameters were 
based on a spray with a VRC Gen3 MAX cold spray system. Model simulation time was set to 1x10-7 sec. in order 
to capture the initial impact and rebound of the particle. Impact data was output at 1x10-9 sec for good temporal 
resolution.  
     Contact definitions between the particle and the substrate are very important to properly simulate the 
deformation. The kinematic contact method was used with the finite sliding formulation in Abaqus. The normal 
impact behavior was set to hard contact, while allowing separation after contact. Both the particle and the 
substrate are meshed with hexahedral elements, type C3D8RT. Significant partitioning was required in order to 
mesh the particle with hexahedral elements. The particle contains 896 elements, while the substrate contains 
10,404 elements. Figure 4 shows the meshed particle and substrate prior to impact. 
 
Figure 4: FE Orientation (left) and mesh (right) of particle prior to impact 
2.5.1 Johnson Cook 
          The software used for the JC modeling was Abaqus CAE 2017. The JC equation is shown as Equation 4: 
   𝜎𝑦 = [𝐴 + 𝐵𝜀𝑝
𝑛][1 + 𝐶𝑙𝑛𝜀?̇?][1 − 𝑇𝐻
𝑚] 
where 𝜀𝑝 is the amount of effective plastic strain in the system and 𝜀?̇? is the normalized effective plastic strain 
rate. A, B, and C are experimentally determined material constants, where A is the quasi-steady-state yield stress, 
B is the power law pre-exponential factor, C is the strain rate pre-exponential factor, n is the strain hardening 
exponent, and m is the thermal softening exponent. 𝑇𝐻 is a normalized temperature, shown as Equation 2: 
             (6)     𝑇𝐻 =  
(𝑇−𝑇𝑟𝑜𝑜𝑚)
(𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑜𝑜𝑚)
 
     Material constants are defined by JC  and are shown in Table 1 [15]. 
Table 1: Johnson Cook Constants 
 
2.6 PTW Model 
(5) 
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     The software used for the PTW model is the same as the JC model. The PTW model was implemented into 
Abaqus using a Fortran VUHARD Subroutine that overrides the standard plasticity models. The PTW equation is 
shown as Equation 3: 
         ?̂? = ?̂?𝑠 +
1
𝑝
(𝑠0 − ?̂?𝑦)𝑙𝑛 [1 − [1 − 𝑒𝑥𝑝 (−𝑝
?̂?𝑠−?̂?𝑦
𝑠0−?̂?𝑦
)] ∗ 𝑒𝑥𝑝 {−
𝑝𝜃𝜓
(𝑠0−?̂?𝑦)[𝑒𝑥𝑝(𝑝
?̂?𝑠−?̂?𝑦
𝑠0−?̂?𝑦
)−1]
}] 
Material properties were defined by PTWfor copper [28]. Each material constant for copper is described in Table 2. 
Table 2: Preston-Tonks-Wallace Constants  
 
3. Results and Discussion 
3.1. Modelling  
      JC and PTW are used to model single particle impact of conventional Cu cold spray powder. The Johnson Cook 
model outputs a graph of velocity and temperature with respect to time of impact as seen in Figure 5. Initial 
particle impact starts 3-4ns into each graph and is most easily seen in the velocity graph (5A) as the point at which 
velocity begins to decrease steadily. The initial impact follows through to the ~45ns mark, at which point the 
particle becomes fully compressed. A slight increase in velocity after this point indicates some elastic rebound on 
the nodal level. The temperature graph (5B), shows that there is a continuous temperature increase upon impact 
due to particle heating from deformation. The temperature band widens over time due to noise attributed to 
nodal oscillation. In general, as particle velocity decreases on impact, temperature increases.  
 
 
Figure 5: A) Particle Velocity with Respect to Time of Impact, B) Particle Temperature with Respect to Time of Impact 
 
A JC temperature plot of the cross-section of a fully impacted conventional copper particle is modelled in Figure 
6. 
(7) 
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Figure 6: Johnson-Cook, Particle Fully Impacted, Temperature Distribution Plot 
This is the temperature profile of the particle at maximum displacement prior to rebound; maximum contact 
pressure and peak temperature are given at this time. The temperature profile shows significantly higher 
temperature at the particle/substrate interface than inside the particle. This is supported by the von Mises stress 
profile following particle impact, shown in Figure 7, where the von Mises stress is highest at the particle/substrate 
interface. The increase in stress and temperature at the edges of the particle can be attributed to localized plastic 
deformation due to the high velocity of the particle on impact [38, 18]. This increase in flow at the particle/substrate 
interface can contribute to jetting, which is shown later on in this section.  
 
Figure 7: Johnson-Cook, Particle Fully Impacted, von Mises Distribution Plot 
 JC temperature and stress profiles help pinpoint the conditions needed for metallurgical bonding/melting and 
subsequent adhesion of the particle to the substrate. Additional work is needed for PTW profiles.  
      The plastic equivalent strain (PEEQ) profiles at final particle impact for both JC and PTWare shown in Figure 8. 
 
Figure 8: Plastic Equivalent Strain (PEEQ) profile at final particle impact a) JC, B) PTW 
     Both diagrams show that the residual stress at the particle/substrate interface is larger than in the center of 
the particle [38]. Since strain shows how much work is put into the particle, PEEQ has a direct relationship to 
hardness. PEEQ values can be used to calculate flow stress by applying the values to the JC and PTW equations. 
The Von Mises flow stress values for a fully impacted conventional copper powder particle are 367 MPa and 394 
MPa for JC and PTW, respectively. The larger PTW flow stress model correlates well with the PEEQ diagram 
showing PTW to have greater strain than JC.  
     The general magnitude of the flow stress values can be validated by applying the modelled PTW strain rate of 
1.109 to Hollomon’s (power) Law to get a flow stress output of 332MPa. The powder law value is within the same 
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magnitude of both the PTW and JC values. All three values are close to the values for flow stress of cold worked 
Cu found in industry [LIT] . Compared to JC, PTW produces more accurate results. This is because JC is based on a 
‘curve fit’ of experimental data from prior work with bulk Al6061 and has homologous input of temperature. 
Whereas PTW doesn’t rely on experimental data, but does use values based on bulk Cu as the experimental data 
for singe splat Cu is not yet available.  
     Morphology comparison between JC and PTW is seen in Figures 9 and 10, respectively.  
 
Figure 9: Johnson-Cook Impact Morphology at A) 10ns, B) 20ns, C) 30ns, D) 40ns 
 
Figure 10: PTW Impact Morphology at A) 10ns, B) 20ns, C) 30ns, D) 40ns 
     The JC model from A-D shows: A) initial particle impact, B) plastic deformation at the particle/substrate 
interface, C) The zone of high strain at the particle/substrate interface is plastically extruded to form a jet, D) the 
continued downward momentum of the particle propels the jet up along the edges of the particle/substrate 
interface. [10,19, 38] 
     By frame D the jet edges get sharp and begin to dissipate. This is a reflection on the limits of the Johnson-Cook 
model. PTW shows similar morphology but has more degrees of freedom to overcome the resolution issues faced 
in JC. However, both are mesh–based-constant volume models and more development is needed to model more 
complex powder structures like the nano-agglomerate Cu powder.  
3.2. Mechanical Data 
     Static and dynamic nanoindentation test data for powder, single-splats, and consolidated conventional and 
nanomaterial copper are listed in Table 3. 
Table 3: Static Nanoindentation Hardness Measurements and Flow Stress Calculations  
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The nano-hardness value for the single splat is greater than that of the powder and consolidated conventional Cu 
values. This may be due to the use of different powder in the single-splat experiment. While the powder was made 
of pure Cu and gas atomized, it is possible that the gas used in the process affected the end powder microstructure, 
making the powder harder [1,35]. In Figure 5 there is a notable increase in temperature from particle friction and 
impact with the substrate. This increase in temperature coupled with the mechanical stress on impact can affect 
recrystallization and subsequent hardness values [37]. It is possible that recrystallization from plastic deformation 
would have a greater effect on a single particle than a coating due to the effects of thermal softening from multi-
particle impacts [29,39]. The effect of oxides, vacancies, and jetting can also be considered when comparing the 
lower nano-hardness value of the consolidated material to that of the single-splat.  
     The nano-hardness value for the nano-agglomerate Cu powder is less than the conventional Cu powder. This is 
from the difference in powder processing, where the nano-agglomerate is spray-dried and the conventional Cu 
powder is gas atomized. For the spray dried powder it is possible that the nano particles encapsulated by a Cu 
binder are not bonded as well and that there is greater porosity as compared to the conventional Cu powder.  
     The nano-hardness of the consolidated nanomaterial Cu is much greater than the consolidated conventional 
Cu. The cold spray process can cause powders to compress on impact, creating denser coating than the initial 
powder. This densification is largely due to the effects of work hardening from the tampering or shot peening 
effect of high velocity powder particles on impact as they build up on each other [14].  
    The calculated flow stress from the nano-hardness measurements for the single splat is much greater than the 
modelled values. As mentioned in the above paragraphs, this is most likely due to the difference in powder used 
for the single splat as compared to the model inputs. In addition, the empirical formula used is based on bulk cold 
worked Cu and is likely a contributing factor to the high powder and single-splat calculated flow stress values [20].  
     The consolidated values are much higher than the model as well, however this is to be expected considering 
the above mentioned factors. When comparing consolidated conventional Cu to nanomaterial Cu, the latter has a 
greater hardness and subsequent flow stress values. The same relationship is true for the dynamic 
nanoindentation results, seen in Table 4.  
Table 4: Dynamic Nanoindentation Hardness and Mechanical Measurement 
 
The nanomaterial Cu has greater hardness than conventional Cu due to its smaller grain size as supported by the 
Hall-Petch relationship, which states that grain-boundary strengthening, and subsequent material yield strength, 
increases with decreasing grain size [5].  
     In accordance with the developments made by Pathak, Shaffer, and Kalidind[27], representative indentation 
stress-strain curves can be developed using the measured modulus from dynamic nanoindentation; results are 
shown in Figure 11.  
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Figure 11: Calculated stress-strain curves for consolidated nanomaterial and conventional Cu from dynamic nanoindentation data. 
     The data shows an increase in YS and UTS for the nanomaterial Cu as compared to conventional Cu. Further 
calculations provide a flow curve for the nanomaterial and conventional Cu data set in Figure 12. Calculations were 
modified from Leitner [23] with additional information on calculations found in the APS March 2019 proceedings 
[33]. Note that the beginning of the conventional Cu graph has some noise due to strain hardening and the dip 
towards the end is analogous to the trend known as necking in tensile testing. 
 
 
Figure 12: Calculated flow stress for consolidated nanomaterial Cu (top) and conventional Cu (bottom) from dynamic nanoindentation 
data. 
Considering the 2% offset, the yield strength is measured from Figure 12 as 850 MPa and 590MPa for nanomaterial 
and conventional Cu, respectively. The nanomaterial and conventional copper flow stresses derived from dynamic 
nanoindentation data are significantly higher than that of the static nanoindentation measurement and 
subsequent calculations for conventional Cu flow stress. The difference in values is most likely due to 1) the nano-
particles present in the nanomaterial Cu and 2) because the static nanoindentation work looked at just the single-
splat particle whereas the dynamic nanoindentation and flow stress calculation were based on a cross-section or 
multi-particle impact. Despite the difference in magnitude between the static and dynamic flow stress calculations, 
the data is consistent in showing nanomaterial Cu to have a greater flow stress than conventional Cu. Additional 
work is needed to model both the nanomaterial copper and multi-particle impact scenarios. 
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3.3  Microstructure  
     Microstructural analysis is used to validate the measured hardness values, as well as the impact morphologies 
from the models. A cross-section of both the conventional and nanoagglomerate powder is shown in Figure 13. 
 
Figure 13: A) Conventional Cu Powder B) Nanomaterial Cu Powder 
 
There is a clear difference in microstructure between the two powders, specifically with the nano-agglomerate 
powder showing much smaller particles within the powder structure. The consolidated conventional and 
nanomaterial copper powder can be seen in Figure 14.  
 
Figure 14: Top- etched consolidated conventional Cu cross-section, Bottom- etched consolidated nanomaterial Cu cross-section 
     The conventional copper shows much larger grains than the nanomaterial copper. The decrease in grain size of 
the nanomaterial Cu allows for validation of the higher hardness values through the Hall-Petch relationship, where 
smaller grains are linked to increases in material strength. [12] 
     To appreciate the complimentary nature between the modeled impact and produced single-splat, Figure 15 
couples the FE simulation output impact morphology for conventional Cu powder with the experimentally 
obtained single particle impact morphology.  
 
Figure 15: model (left) and single splat (right) of conventional Cu powder particle impact 
This shows the once spherical powder particle has elongated perpendicular to the direction of impact [17]. The two 
arrows in Figure 15 highlight the comparable jetting observed computationally and experimentally. 
     Magnification of the coating/substrate interface in Figure 16 allows for comparison of the jetting phenomena 
between the copper cold spray coating, single splat, and particle impact model.  
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Figure 16: Top- Conventional Copper with zoom to show jetting as indicated by the arrow, Bottom- same but for nanomaterial Cu 
In both Figure 16 and 17 it can be seen that the particles are no longer spherical and are compressed parallel to 
the substrate. At the paricle/substrate interface the characteristic mixing of the cold spray process is evident. It is 
more difficult to see jetting in consolidated coatings due to the high degree of plastic deformation and particle 
impact which often degrades the jet structure. Magnifying that interface, one can see folded particles and in some 
cases the darker thicker lines around those particles as  reminants of jetting, indicated by the arrows in Figure 16. 
[21, 3, 36] 
     Knowing the grain structure of copper cold spray coatings not only allows for validation of the model and 
hardness measurements, but also provides a stepping stone for future modelling of nanomaterial copper [30].  
4. Conclusion 
JC and PTW models were used to determine morphology and flow stress outputs for single-splat conventional Cu 
powder. Hardness values and microstructure images were taken to validate the model. The conclusions of this work 
are as follows: 
[1]The JC and PTW model outputs for flow stress are of the same order of magnitude as Holoman’s (power) law 
calulation and industry measurements for cold worked Cu. 
[2] The JC and PTW model morphology is consistent with that of the optical images of the single-splat particle. Jetting 
can be seen in both the single-splat and consolidated micrographs. 
[3] PTW is more accurate than JC for both flow stress and morphology outputs, as it is based on thermodynamics and 
uses inputs from bulk Cu standards as opposed to experimental data. 
[4] Static and dynamic nanoindentation show consolidated nanomaterial Cu hardness to be greater than conventional 
Cu, as suported by Hall-Petch and micrographs. 
[5] Calculated consolidated flow stress values from nanoindentation data are much greater than powder and single-
splat values. Powder and single-splat flow stress values are greater than expected and do not correlate directly to the 
modelled values. This is largely due to the assumptions made in the empiricle formula. 
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[6] From pior work [34], there is a relationship between hardness values and antimicrobial properties. This paper 
supports the results from efficacy testing showing nanomaterial Cu to have greater antimicrobial effectiveness than 
conventional Cu. 
This work sets a baseline for optimization of the cold spray process for improvement of antimicrobial copper coatings. 
Further work is needed to perfect dynamic nanoindentation testing to take measurements of single-particle impact 
and of the powder, which can then be used as inputs in PTW for a more accurate model of conventional Cu powder 
impact. Additional work is also needed to develop the PTW model for single-particle impact of nano-agglomerate Cu 
powder and for multi-particle impacts.  
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Abstract  The microstructure of conventional and nanomaterial Cu cold spray coatings is explored to 
understand why nanomaterial Cu cold spray performs better than conventional Cu cold spray in the contact 
killing of Influenza A Virus [19]. Powder, single-splats from laser induced projectile impact testing (LIPIT), and 
consolidated cold spray coatings are imaged using Scanning Electron Microscopy (SEM). Sample composition 
is confirmed using Energy Dispersive X-Ray Spectroscopy (EDS) and X-ray Diffraction (XRD). Results show 
nanomaterial Cu to have a much smaller grain size than conventional Cu. Nanoindentation is used to confirm 
microstructural differences, showing nanomaterial Cu to have greater hardness. LIPIT and consolidated cross-
sections identified grain refinement at the particle-substrate interface for both nanomaterial and 
conventional Cu. Follow-on work with corrosion testing will be performed to better understand Cu ion release 
rate in relation to the differing material microstructures for antimicrobial applications.  
Keywords: cold spray, nanomaterial, copper, antimicrobial, grain refinement, work hardening 
1. Background 
     Microstructural characterization of conventional and nanomaterial Cu coatings is done in support of prior 
work in the paper, “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on Inactivation of Influenza A 
Virus”, where it was found that nanomaterial Cu had greater antimicrobial effectiveness than conventional Cu 
[19]. Understanding microstructural changes in powder, single-splat, and consolidated Cu cold spray will help to 
better determine Cu kill mechanisms and to further optimize Cu antimicrobial properties for future coatings.   
     Cold spray coatings have a distinct bonding at the particle/substrate interface, which contributes to its strong 
adhesive properties [7]. For a strong bond to occur in a single-splat, the particle impact velocity must exceed a 
critical value and the particle cooling rate should be low enough for shear instability/localized deformation, but 
also high enough for cooling of the bond to occur [18, 24]. Factors affecting this include the material, powder quality, 
size, shape, impact temperature, and velocity [16]. One of the reasons why nano-agglomerate copper powder is 
used instead of nano particles is because nano particle diameters are too small for shear instabilities as their 
thermal gradient/cooling rate is too high [19]. For copper cold spray, the critical diameter, or minimum diameter 
for particle/substrate adhesion is 10um’s [16]. For this work, the average particle size of conventional and nano-
agglomerate Cu powder is -31/+5 and 25um’s, respectively [19]. 
     The critical impact velocity (Vc) for a given particle size can be predicted using modelling techniques [21] or with 
trial and error, as is the case of the Laser Induced Projectile Impact Testing (LIPIT) performed in this paper. LIPIT is 
able to impact individual powder particles on a substrate at varying velocities to determine the ideal velocity for 
increased adhesion and reduced particle rebounding. LIPIT can provide information on impact mechanics, showing 
the strong dependence of compressive shock on the characteristic cold spray ‘mixing’ at the interface and ‘jetting’ 
at the particle-substrate surface. [MIT]  
     Due to the relatively low temperatures of cold spray (100-600oC), a high impact velocity (600-1000 m/s) is 
needed for good adhesion. This increase in velocity results in high plastic deformation which can cause dynamic 
recrystallization, producing ultra-fine-grain (UFG) structures at particle-particle and particle-substrate interfaces. 
Dynamic recrystallization occurs from high shear due to plastic deformation or from mechanical stress where 
rotational dynamic recrystallization may occur. Material properties can affect UFG development through 
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recrystallization, where a decrease in thermal conductivity increases heat retention, increasing the potential for 
recrystallization. [10, 12, 16, 13, 23] 
     Upon impact, interface mixing is dependent on substrate and powder hardness and density. A hard metal 
impacting a softer metal would have a deeper imprint with less spreading than a soft metal on a hard substrate. 
In the case of Cu and Al, both are soft metals, with Cu having slightly higher density. The depth of impact is 
amplified by the copper particle being heavier and having a larger amount of kinetic energy than that of the Al 
substrate. Also, soft metals have a greater temperature region from high ductility and thermal softening, which 
contributes to the spreading of the particle on impact. [24, 7] 
     The same characteristic mixing discussed above applies to cold sprayed nanomaterial Cu coatings [19]. In some 
cases, nano-particles can have partial devitrification of their amorphous phase, but in most cases the nano 
structure is retained [16].  
     Cold spray is known to have very few oxides/impurities/inclusions in the bulk coating, this is due to the quality 
of the powder, but also to the peening effect. When the particles are sprayed, the impact against the substrate 
breaks up oxides, which are then carried up the surface with the interfacial jet [24]. Work with EDS and XRD can 
confirm powder and coating purity.   
     Hardness measurement can be used to predict cold spray microstructural properties in powder and 
consolidated coating using the Hall-Petch relationship, which states that grain-boundary strengthening, and 
subsequent material yield strength, increases with decreasing grain size [2]. Hall-Petch is commonly used in the 
micrometer range but has also been demonstrated for nanocrystalline metals ranging 20-100nm [8]. It appears that 
the relation holds true for consolidated nanomaterial Cu cold spray, which has much greater hardness values and 
much smaller grains than that of conventional Cu cold spray [19]. There is a direct relationship between Cu material 
hardness and antimicrobial properties [19]. The effect of microstructure on end material properties is key in 
understanding why nanomaterial Cu is more effective at contact killing of Influenza A virus than conventional Cu. 
2. Test Procedure 
2.1. Cold Spray 
     Cold spray samples from the first paper, “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on 
Inactivation of Influenza A Virus” [19], were used. The pure Cu cold spray coatings on aluminum substrates are 
approximately 0.05 mm thick. The nano copper (Eltron) was produced by spray drying and the conventional copper 
(Praxair Cu-159) through gas atomization. Due to the low mass of the nano-particles, they are bound into 
agglomerates using conventional Cu as the binder and spray dried [15, 19]. For more information on the materials 
and cold spray process parameters see reference 19.   
2.2. Laser Induced Projectile Impact Testing 
2.2.1. µ-Projectile and Target Substrate Preparation 
     PDMS (Sylgard 184, Dow Chemical) with a mixing weight ratio of 1:10 was spin coated onto an ~80 nm thick Au 
coated glass substrate (Fisherbrand™ Cover Glasses No. 2)[1]. They were further cured at 200°C for 1 hr. Nano-
agglomerate Cu powder and conventional Cu powder with particle diameter of approximately 15-20 µm were used 
for the experiments. The particles were applied to the surface of the PDMS/Au coated glass substrate using a 
brush. High purity Al target substrates (5mm x 5mm) were electropolished and used for the experiments. The 
electrolyte solution used was a mixture of Perchloric acid (70% Perchloric acid Sigma-Aldrich) and Ethanol (Sigma-
Aldrich) in volume ratio of 1:5. During the process, the electrolyte bath temperature range was maintained in 
between 5 °C to 8 °C and the electropolishing was carried out at 15V for a duration of 10 minutes.   
2.2.2. High Strain Rate Single Particle Experiments 
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     Acceleration of the micron scale particles to supersonic velocities was achieved by using Laser-induced 
projectile impact test (LIPIT) technique [25,4]. Briefly described, a Nd:YAG laser (Quanta-Ray INDI-40-10-HG, Spectra-
Physics) was used to create an ablation laser pulse (5-8 ns pulse duration; 1064 nm)[25]. Following the laser ablation 
of the Au film after trigger, the PDMS film expands and the selected particle that was positioned at the focus point 
of the ablation laser accelerates towards the target (Fig 1). Simultaneously for illumination, a Ti:Sapphire oscillator 
(Mai Tai HP, Spectra-Physics) provided continuous laser pulses of pulse duration <100 fs (λ=750 nm). A 500MHz 
oscilloscope (GDS-3504, Instek) was used to measure the pulse repetition rate (79.56 MHz). The laser pulses were 
gated by electro-optical modulators, and converted to white light by a photonic crystal fiber (SCG-800, Newport) 
to capture diffraction-suppressed ultrafast micrographs[25]. The real time pre and post impact events were 
captured using a low-noise and high-quantum-yield digital camera (C11440-22C, Hamamatsu Photonics). Impact 
(Vi) and rebound (Vr) velocities were calculated by measuring the distance covered by the particle in the given 
period (images interframe time).  The microparticles adhere to the target substrate after crossing the threshold 
velocity named as critical impact velocity. The critical velocity was also determined for each type of Cu powder 
(Vr=0). 
 
Fig 1. The collision and rebound of a Praxar Cu particle with the HP- Al target substrate. 
2.2.3. Characterization 
     The analysis of the cross section and high-resolution SEM of the sample was performed by a Dualbeam FIB[14] 
(Thermo Fisher Scientific Strata 400S). A ~2µm layer of Platinum was deposited on the surface of the sample prior 
to FIB. After a fine milled surface was achieved following cross sectioning, the immersion mode SEM images were 
taken at a tilt angle of 52°.  
2.3 Microstructural + Composition Analysis 
2.3.1. SEM 
     SEM was used to analyze the microstructure of both loose powders as well as the cold sprayed parts. Samples 
were mounted in metallurgical epoxy mounts, then mechanically polished to a 0.05 μm finish for analysis. Two 
orientations were studied – cross-section as well as top-down. SEM analysis was performed in a Zeiss EVO MA-10 
and in the Joel JSM-7000F FE SEM at an accelerating voltage of 10 and 15 kV with both backscatter (BSE) and 
secondary (SE) electron detectors. Samples were then etched in 50/50 NI/DI H2O for 15 seconds and 25/75 Ni/DI 
H2O for 5 seconds for conventional and nanomaterial Cu respectively, and re-imaged.  
2.3.2. EDS 
     EDS was performed using BrukerNano GmbH with the Zeiss SEM for cross-sectioned powder. Oxford 
Instruments X-MaxN was used with the JEOL 7000 FE SEM for cross-sectioned consolidated samples. Software ran 
for 5minutes prior to data collection, and dead time ranged from 2-5%. A rate of 20 kilocounts was used for the 
SEM and ~3000 counts per second for the FE SEM.  
2.3.3. EBSD 
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     EBSD analysis was performed at 25 kV in a FE-SEM (JEOL 7000F) with an NordlysMax2 detector (Oxford).  Data 
was collected for cross-sections of powder, consolidated, and top-down polished consolidated samples. Step sizes 
used were 0.1um and 0.316um for nano-agglomerate and conventional Cu powder, respectively. Since the step 
size for the nano-agglomerate powder was so small, data was collected for only part of the grain. Consolidated 
nanomaterial Cu ran an area of 6umx4um with a step size of 0.1um for 1h and 20min. Consolidated conventional 
Cu ran an area of 10.5umx2um with a step size of 0.1um for 1h 20min, but this data was too charged and the beam 
was rastering empty space. Data was collected again using a 0.316um step size for 20min; this data is present in 
the paper.  
     Consolidated samples were prepped the same as for SEM, then a final polish using an Ar-ion mill at 6kV was 
performed to remove any surface stresses. Powder was mounted on carbon paint on a silicon wafer and then cut 
down in half using a JEOL argon cross-section polisher at 6kV for 2 hours. Mounted powder was flipped sideways 
in the cross-section polisher to cut powder in half. 
2.3.4. XRD 
 
     WPI’s PANalytical Empyrean X-ray Diffraction machine was used with a Cu tube and Ni filter from 20 to 140 
2theta at 45Kv and 40Ma, with a ½ degree divergence slit, 1 degree anti-scatter slit, 0.04 radian soller slit, 10mm 
mask, and a time per step of 10. Prior to running, the depth was checked with a goniometer and a depth of 1 was 
confirmed. 
     Results were collected and analyzed using DataViewer  and HighScore Plus software. Results were compared 
against reference PDF4database, with PDFs 00-004-0836, 00-005-0061, 00-005-0667 for Cu, CuO, and Cu2O, 
respectively. 
2.4 Mechanical Analysis 
     Static nanoindentation is performed using iMicro by Nanomechanics Inc. Consolidated top-down nanoindents 
are made for both conventional and nanomaterial Cu CS. A Berkovich-shaped diamond indenter tip (Micro Star 
Technologies) and pre-defined “Express Test for Thin Films Large Table – Batch” was used. All of the 
nanoindentation samples were mounted prior to testing (see section 2.3.1). 5 x 5 indent array was defined for 
each of the samples.  
3. Results and Discussion 
3.1. Powder Microstructure  
     SEM images of conventional and nano-agglomerate Cu powder are shown in Figure 2.  
 
Figure 2: SEM backscatter micrographs of etched conventional Cu powder particle (top). FE SEM micrographs of etched nano-
agglomerate Cu powder (bottom) 
The conventional powder has much larger, micron-scale grains as compared to the nano-agglomerate powder. 
The nano particles present in the nano-agglomerate powder range from 60-80nm and are amorphous. A 
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micrograph of the nano particles can be found in supplemental section C. EBSD analysis in Figure 3 supports the 
above observations.  
 
 
Figure 3: EBSD cross-sections of Conventional Cu powder (top) and Nanomaterial Cu powder (bottom) 
     EBSD shows a difference between the conventional and nano-agglomerate powder where the latter has much 
finer microstructure and greater porosity. Due to the porosity of the sample, it is difficult for EBSD to provide a 
clear image for grain size of the nano-agglomerate powder. Percent porosity of the powder is further detailed in 
the pre-impact micrograph in section 3.2.  
     The nano-agglomerate powder grains are smaller and have more changes in orientation than the conventional 
Cu powder. For conventional Cu there is a range of powder sizes made evident by the different phase orientations, 
where grains range from below 1um to above 10um. 
     When looking at the etched conventional Cu powder samples, it appears that the grains are well defined in the 
5-10um range. However, based on the range of grain sizes shown in EBSD, it is possible that only the high angle 
grain boundaries are visible in the etched sample [26].  
3.2. Laser Induced Projectile Impact Test  
     A pre-impact micrograph of the nano-agglomerate powder is shown in Figure 4. The powder is fabricated by 
spray drying nano-agglomerates of nano Cu particles held together by a pure Cu binder. The spray drying process 
in combination with the use of nano particles produces significant powder porosity as compared to the gas 
atomization process for conventional Cu powder.  
 
Figure 4: Micrograph of nano-agglomerate Cu powder porosity. 
 
    Varying the particle size during Laser Induced Projectile Impact Testing (LIPIT) allows for a determination of the 
critical velocity. A breakdown of the dependance of particle size on velocity for both conventional and nano-
agglomerate Cu powder impacting an Al substrate is detailed in Figure 5.  
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Figure 5: Rebound Velocity and COR vs. Impact Velocity for A) Conventional (Solid Cu), B) Nano-agglomerate Cu (Nano Cu) powder 
 
     Where, Vi is impact velocity, Vr is rebound velocity, Vc is critical velocity, and CoR is impact speed/rebound 
speed. Vc serves as the point at which initial velocity increase causes no particle rebound [9]. Vc for nano-
agglomerate and conventional Cu powder with a size of 15-20um is 740m/s and 610m/s, respectively. Critical 
velocity of the conventional Cu powder correlates well to similar work done in the field [9]. Nano-agglomerate Cu 
powder has a greater critical velocity from the contribution of increased porosity to particle density. The 
differences between the two samples can be seen in Figure 6, where data from Figure 5 was taken and combined 
onto the same graph. 
 
Figure 6: Rebound Velocity and COR vs. Impact Velocity for Conventional (solid Cu) and Nano-agglomerate Cu (Nano Cu) powder 
 
     Once a minimum Vc is determined, the 15-20um powder particles are selected and sprayed at 701m/s for 
conventional Cu, and 770 m/s and 884 m/s for nano-agglomerate Cu powder. Micrographs of the particle impacts 
are shown in Figure 7. In all cases, the once spherical powder grains appear to be refined into smaller grains at the 
particle/substrate interface. This is characteristic of the cold spray process where the mechanical stress and 
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thermal energy transfer from the high impact velocity induces grain refinement [24]. In the middle region of the 
samples, the grains are deformed into longer, thinner splats. This is followed by a more preserved grain structure 
at the top of the particle. [12] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: LIPIT of A) convnetional Cu powder particle at 701 m/s, and nano-aggomerate Cu powder particle at B) 770 m/s, C) 884 m/s 
 
     The impacted conventional Cu powder and nano-agglomerate powder sprayed at 701m/s and 770m/s 
respectively do not appear to have any jetting. When cross-sectioned, both have some areas at the particle-
substrate interface with firm interlocking and other areas where there is a slight gap. In conventional Cu this is 
due to lack of shear deformation of the particle [7]. For nano-agglomerate Cu powder, the densification of the 
porous structure away from the substrate causes the lack of shear flow at the particle-substrate interface. There 
is also a distinct change in grain size and compression, with smaller grains and greater deformation at the base of 
the particle [23, 13, 11].  
     A change in porosity is seen in the nano-agglomerate powder as compared to the pre-impact powder. In the 
884m/s particle, there is approximately 10% porosity as compared to the 50% porosity of the particle pre-impact. 
With the higher velocity of 884m/s there is also jetting present and shear flow from densification against the 
particle-substrate interface. [6] 
     The nano-agglomerate Cu powder behaves similar to a foam in that energy leaves the pores on impact causing 
plastic deformation of the porous structures. With higher impact velocity there is greater compressive residual 
stress and lower porosity [24].  
     Overall, LIPIT shows that with increased speed there is increased particle-substrate mechanical interlocking and 
shear flow. Impact velocity causes vertical compression contributing to increased density and strength of the 
particle [26]. This is followed by lateral flow, which produces a mechanical bond between the two dissimilar metals. 
While physical interlocking stops the particle movement into the substrate, this does not guarantee good bond 
formation, as shear flow movement continues. Because of the shear flow that continues from pore densification 
in the nano-agglomerate powder, a higher critical velocity is needed to form a strong bond. Vertical impact velocity 
also contributes to the unique gradient microstructure, where material recrystallization from shear stress can be 
seen at the base of the impacted particle [MOD]. 
3.3. Coating Microstructure 
     Consolidated microstructure for nanomaterial and conventional Cu coatings can be seen in Figure 8. Similar to 
the single-splats, the consolidated coatings are highly recrystallized at the particle-substrate interface (left-side of 
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the micrograph), followed by a middle region of deformed large particles/grains and a less deformed upper-top 
region (right-side) [24]. This is most noticeable in the bottom righthand micrograph of etched nanomaterial Cu. 
 
 
Figure 8: SEM micrographs of cross-sectioned etched consolidated conventional Cu (top), nanomaterial Cu (bottom) 
     The high recrystallization region is from flow stress which can result from both temperature increase due to 
kinetic energy transfer on impact and from work hardening causing physical dislocation movement to form sub 
grains [23, 24, 12].  
     Flattened, elongated grains in the middle of the coatings show shear deformation. As the powder particles build 
on one another a peening effect occurs where the prior layers are work hardened and further compressed on 
impact. This is not as prevelant in the top-most layers of the coating [16]. In the consolidated conventional Cu, the 
etching is able the highlight some of the jetting and roll-ups at the particle-substrate and particle-particle 
interfaces [21, 12]. 
     For antimicrobial applications, there is interest in the top-down microstructure of the coatings. Micrographs of 
the top-down as-made and polished coatings are in Figure 9. 
 
Figure 9: SEM backscatter micrograph of top-down consolidated A) conventional Cu, B) nanomaterial Cu, C) polished conventional Cu, 
D) polished nanomaterial Cu. FE SEM micrograph of top-down polished etched consolidated E) conventional Cu, F) nanomaterial Cu 
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There is a clear difference in surface topography between the two as-made coatings. Visually, conventional Cu has 
much bigger structures with higher peaks and valleys than the nanomaterial Cu. However, this is not the case 
when viewing surface roughness at the micron and nano scales, which would be the scale where Cu contact killing 
of microbes would occur [20]. The polished surfaces show much larger grains for the conventional than 
nanomaterial Cu coatings.  This difference in grain size is further detailed using EBSD shown in Figure 10.  
 
 
 
Figure 10: EBSD of polished consolidated cross-section of  conventional Cu (top left) and nanomaterial Cu (top right) and top-down 
conventional Cu (bottom left) and nanomaterial Cu (bottom right) 
    Visually, both the EBSD top-down and cross-section micrographs show nanomaterial Cu to have a finer 
microstructure with much smaller grain size than that of conventional Cu. EBSD measured grain size averages for 
top-down conventional and nanomaterial Cu are 0.9um and 0.43um, respectively. EBSD measured grain size 
averages for the cross-sections of conventional and nanomaterial Cu are 0.57um and 1.12um, respectively. The 
top-down measurement confirms smaller grain size for the nanomaterial Cu than conventional Cu. However, the 
EBSD results for cross-section coatings show a discrepancy in the micrographs versus the grain-size measurement 
where the nanomaterial Cu appears to have smaller grain size than that of conventional Cu, but is measured as 
having a greater average grain size. Since the nanomaterial Cu powder is comprised of both nano particles and 
conventional Cu binder it is possible that the section measured with EBSD had a large amount of conventional Cu 
binder which skewed the results. It is also possible that EBSD is measuring the high angle-misorientation (greater 
than 15%) and is not accounting for low-angle-misorientation (less than 2%) [26]. This would explain why these 
measurements are much higher than prior values taken using TEM data [20]. 
     TEM micrographs taken from prior work in the paper “The Effect of Nano-Scale Surface Roughness on Copper 
Cold Spray Inactivation of Influenza A Virus“, confirm large differences in grain size for nanomaterial Cu cross-
sections, showing an average range from 2.0nm-0.1um. Conventional Cu cross-sections were also measured with 
an average grain size ranging from 0.2-1.5um [20]. These values show that a large amount of grain refinement has 
occurred in both samples as a result of the cold spray process [20, 1]. 
3.4. Composition and XRD Analysis 
     EDS data is referenced in Supplemental Section A. EDS results show Cu with some oxygen present in the powder 
and only Cu present for the consolidated cross-sections. Some carbon was present as well, but most likely from 
the mounting material.  
     XRD data for both powders is referenced in Supplemental Section B. XRD data supports EDS results showing 
peaks for Cu. Cu2O was found to be present in the nano-agglomerate powder as well. Both powders correlated 
well to reference Cu PDF 00-004-0836.  
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     For the nano-agglomerate powder, the nano particles used are amorphous (see supplemental C) and are not 
easily detectible by the x-rays [5]. It is likely that XRD is detecting the pure Cu binder used to bind the nano particles 
together and not the nano particles themselves.      Further analysis (see supplemental B) of the Bragg angle and 
calculated d-spacing shows the same values for the powders and the reference PDF, indicating minimal 
contribution of strain to peak broadening. The nano-agglomerate powder does have greater intensity than the 
conventional Cu powder. This may be an indicator that the Cu binder used in the nano-agglomerates is well formed 
and highly crystalline.  It is also possible that the intensity value for conventional Cu powder is lower due to 
preferred orientation. [5]   
3.3. Mechanical Data 
     Nanoindentation measurements taken of the top-down consolidated nanomaterial and conventional Cu 
surfaces are in Table 1.  
 
Table 1: Nanoindentation of Consolidated Cu CS 
Sample: Orientation: Hardness 
(GPa): 
Nanomaterial 
Cu 
Top-down 2.37+/- 0.19 
Conventional 
Cu 
Top-down 2.01 +/- 0.04 
 
Top-down measurements show nanomaterial Cu to have greater hardness and subsequent yeild strength as 
compared to conventional Cu. Hall-Petch shows an inverse relationship between hardness and grain size [8]. Based 
on the micrographs in Section 3.1, it is clear that nanomaterial Cu follows the Hall-Petch relation despite the 
presence of nano-grains. It is possible that the nanomaterial also has a greater degree of particle deformation and 
work hardening, both contributing factors in the increased material hardness [24]. 
     There is a relationship between hardness and antimicrobial effectivness [19,3]. Further analysis of the hardness 
and microstructure data solidifies that grain size is a major factor affecting Cu cold spray hardness and 
antimicrobial properties, where there is greater antimicrobial effectivness with decreasing grain size.  
4. Conclusion 
1) Pre-impact, nano-agglomerate Cu powder has smaller grains and greater porosity then conventional Cu powder. 
This is due to the spray drying process and nano-particles used. 
  
2) LIPIT shows critical velocity for 15um sized conventional and nano-agglomerate Cu powder particles to be 
610m/s and 740m/s, respectively. LIPIT shows that with increased velocity there is densification. Pre-impact nano-
agglomerate powder porosity is 50% and post-impact it is reduced to 10%. Cross-section micrographs show 
gradient porosity with greater porosity at the top of the particle.  
 
3) Consolidated cross-sectioned conventional and nanomaterial Cu support LIPIT results by displaying three main 
microstructure regions: 1) grain refined/re-crystallized area at the particle-substrate interface 2) 
elongated/deformed grains in the mid-section of the particle, and 3) more preserved grain structure at the top of 
the particle.  
 
4)All coatings have minimal to no oxides/impurities. XRD and EDS confirm Cu powder and coating composition to 
be pure Cu. The nano-agglomerate Cu powder did have one CuO2 diffraction peak, however, the oxide did not 
appear in the consolidated coating.  
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5)Both cross-section and top down micrographs show nanomaterial Cu to have smaller grain size than 
conventional Cu. Nanoindentation measurements of the surface show good correlation between increasing 
hardness and decreasing grain size with hardness being much greater for nanomaterial than conventional Cu.  
 
6) With smaller grains, nanomaterial Cu has a greater number of grain boundaries. Since Cu’s antimicrobial 
properties are contact-based, it stands to reason that the increase in grain boundaries allows for an increase in 
ion flow which contributes to the more efficient contact killing of Influenza A Virus by nanomaterial Cu.  
 
     Additional work is needed to test LIPI on various substrates, including Cu, with different particle sizes. Work can 
also be done to also confirm visual findings with hardness testing of top-down and cross-sectioned impacted 
particles.  
     Follow-on work is needed to confirm the hypothesized difference in ion release through corrosion testing. And 
efficacy testing of polished surfaces is needed to uncouple the effects of surface roughness and microstructure on 
antimicrobial properties of Cu cold spray. 
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Supplemental Section A: (EDS Data) 
 
 
Figure X: EDS of Conventional Cu Powder Particle 
 
Figure X: EDS of Nano-agglomerate Cu Powder Particle 
 
Figure X: EDS of consolidated cross-sectioned conventional Cu (top) and nanomaterial Cu (bottom) 
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Figure X: EDS of polished consolidated top-down conventional Cu (top) and nanomaterial Cu (bottom) 
Supplemental Section B: (XRD Data) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure X: XRD peaks of Nano-agglomerate (top) and Conventional (bottom) Cu Powder Particles 
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Table X: XRD Powder Results and Indexing Using Bragg’s Angle (nano-agglomerate pdr-top, conventional powder-bottom 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
Table X: Determining D-Spacing using Bragg’s Law: 
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Table X: Indexing Using D-Spacing: 
 
Supplemental Section C: (Microsructure Data) 
 
Figure X: Nanoparticle Micrograph (courtesy of skyspring nanomaterials) showing 60-80nm particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
62 
 
6. Paper #4: The Effect of Corrosion on Conventional and Nanomaterial Copper Cold Spray 
Surfaces for Antimicrobial Applications 
 
The Effect of Corrosion on Conventional and Nanomaterial Copper Cold Spray Surfaces for 
Antimicrobial Applications 
Kristin Sundberg1,*, Yanggang Wang2, Brajendra Mishra3, Alexander Carl,  Ronald Grimm, Alino Te, Lindsay Lozeau, Richard Sisson, 
Danielle Cote 
1,2,3 Materials Science and Engineering, Worcester Polytechnic Institute, Worcester, MA, USA 
*Corresponding author: kristinsundberg7@yahoo.com 
Received Month X, XXXX; revised Month X, XXXX; accepted Month X, XXXX 
Abstract  Cold spray has been identified as having Cu coatings with greater antimicrobial properties than that 
of other additive manufacturing techniques [13]. The addition of nano-agglomerate Cu powder to the cold 
spray process to form nanomaterial coatings has shown an increase in antimicrobial efficiency, as compared 
to conventional Cu, in the contact killing of Influenza A Virus [39]. Corrosion testing, microstructural analysis, 
and composition measurement can help explain why cold sprayed nanomaterial Cu coatings performed 
better than conventional Cu coatings. Corrosion tests including electrochemical impedance (EIS), Linear 
Polarization (LP), and an Ion Release Assay all show nanomaterial Cu to have a greater corrosion rate than 
that of conventional Cu. Micrographs support corrosion results showing nanomaterial Cu to have much 
smaller grains than conventional Cu, indicating a greater percentage of grain boundaries available for Cu ion 
release into the environment [8]. Composition testing through X-Ray Diffraction and X-Ray Photoelectron 
Spectroscopy (XPS) confirm sample surfaces to be comprised of pure Cu and Cu oxide, with the main oxide 
species present as Cu(i) or Cu20. More research is needed to determine how the dominant Cu species 
develops based on environmental factors and how the presence of different species affect material 
antimicrobial properties.  
Keywords: Corrosion, Nanomaterial Cu, Cold Spray, Ion Release, Linear Polarization, Electrochemical Impedance 
1. Background  
     The U.S. spends over $125 billion a year in prevention of touch surface infections [2,11]. Copper cold spray 
coatings have been identified as having greater antimicrobial effectiveness than other additive methods [13]. This 
paper builds off of prior work from the paper “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on 
Inactivation of Influenza A Virus“, where copper cold spray antimicrobial properties are improved with the use of 
nano-agglomerate Cu powder [39]. There is a need to further qualify consolidated nanomaterial Cu material 
properties in relation to conventional Cu to better understand Cu kill-mechanisms.  
     The primary killing mechanism of copper is contact killing through deformation of microbe membranes by 
copper ions leading to cell cytoplasm release and subsequent internal damage to the cell [22, 29, 12]. Further research 
is needed to determine the main mechanisms for copper ion uptake into the cell [2,44,23, 6]. Research is being 
performed in the biology field to better understand microbial copper ion defense and uptake mechanisms, 
including mapping of internal signal pathways and external cell interactions that lead to selective ligand 
favorability [2,19,23,15,43]. Factors affecting copper ion release from the consolidated Cu surface include material 
microstructure, surface roughness, and surface chemistry [29, 44, 20, 13, 34, 35, 39, 19]. This paper focuses on measurement 
of the differences in Cu ion release between conventional and nanomaterial Cu cold sprayed surfaces through 
corrosion testing, with supplemental surface chemistry and microstructure characterization. 
     Grain boundaries have a more open structure than that of atomic grains, making the barrier for diffusion much 
less in grain boundaries than in the material lattice [8]. In nanomaterial Cu, smaller grain size allows for a greater 
number of grain boundaries and an increase in ion diffusion as compared to conventional Cu, making 
microstructure a key factor in nanomaterial Cu’s increased antimicrobial effectiveness [41, 42, 27]. Nanomaterial Cu 
also has a much greater surface roughness than that of conventional Cu at the nano-scale, which is the same scale 
for Influenza A Virus. This may also be a contributing factor in Cu ion release [40].   
63 
 
     Environmental factors also affect corrosion rate, including changes in temperature, pH, and humidity. Water 
can become de-aerated with increasing temperature, where this decrease in oxygen may decrease corrosion rate 
[10]. This is not a concern for this work since testing is performed at room temperature. As pH decreases, Cu-alloys 
and protective films are unable to develop, causing an increase in corrosion rate [10, 21]. In a study performed by 
Feng et al, copper oxide thickness in relation to H2O pH was measured where pH below 4 caused oxide dissolution, 
pH higher than 4 formed Cu2O, and pH above 10 formed CuO [17]. For this paper 3% (weight) NaCl solution is used 
in corrosion testing. NaCl is formed from HCl and NaOH, which are a strong acid and base, respectively. Salts 
comprised of both a strong acid and base do not hydrolyze, instead they dissociate in water into Na+ and Cl- ions 
[24]. The dipole nature of H2O allows for this to occur, where Na+ is attracted to the electronegative oxygen and Cl- 
is attracted to the electropositive hydrogen [20, 1]. The result is a neutral pH solution. It follows that the predominant 
oxide to form at this pH is Cu2O. However, humidity also plays a role in oxide species presence, where Cu(i), also 
known as Cu2O, is more stable in dry environments and Cu(ii), also known as CuO, is more stable in aqueous 
environments [32].  
     Other factors determining the favorability of copper oxide state include Cu geometry, bonding, and hard-soft 
acid-base (HSAB) theory [32, 35, 36, 43, 7, 23]. Cu(i) prefers a tetrahedral geometry, favors back-bonding, and is a soft 
acid that associates with soft bases, whereas Cu(ii) prefers octahedral geometry, has a low degree of back bond 
donation, and is a borderline hard acid that associates with harder bases. All of the above listed factors may be 
affected by the environment and the microbes in it. Microbes can select for certain kinds of geometries and bonds 
using specific ligands and bonding sites, they can also excrete material that changes local pH, and can change their 
own internal pH [23, 43, 20, 2, 19, 32, 30]. So even if a certain kind of Cu species manifests on the surface of a consolidated 
Cu coating as a result of environmental factors, this does not mean that the same species will be received or 
internalized by the microbe.  
     When considering lifecycle and maintenance of Cu coatings, it is important to note that oxides/tarnishing of the 
Cu surface does not affect the antimicrobial efficacy of the coating [45, 28]. Post-processing heat treatment is not 
recommended for this application as it could negate the antimicrobial effects of the nano-particles used in the 
nanomaterial Cu cold spray coating [8]. It is possible that for other applications the need for residual stress relief 
outweighs the need for antimicrobial efficiency, in those cases heat treatment may be used. Heat treatment work 
is included in this paper, but most data is placed in the supplemental section as this work is out of scope for the 
given antimicrobial application.  
     The Pourbaix diagram, Figure 1, can provide important background information on the movement of Cu ions 
with changing potential and pH. The Pourbaix diagram assumes that the movement of ions flows passively from 
high to low concentration. The region in between the two blue dashed lines indicates the thermodynamic stability 
region of H2O at 1atm.  [21] 
 
Figure 1: Pourbaix Diagram for Cu in 3%NaCl solution (in water) at 25oC [modified from- 25] 
     Cu corrosion has an anodic and cathodic reaction. The anodic reaction dissociates Cu into electrons and Cu ions, 
which can form oxides like Cu2O and CuO or hydroxides like Cu(OH)2. The cathodic reaction consumes the electrons 
released from the anodic reaction. Since NaCl solution in water is neutral, the cathodic reaction would be: 
O2+2H2O+4e- = 4OH-. Considering that neutral pH is 7 and that standard electron potential of Cu is 0.34, the 
pourbaix diagram can be used to plot these values, as indicated by the red dashed lines in Figure 1. An estimate 
64 
 
of the resulting corrosion products is determined to be right on the line between CuCl*3 Cu(OH)2, and Cu2O. 
However, the Pourbaix diagram serves only as an estimate, since it does not take into consideration corrosion rate 
which can be changed with voltage. [21, 25, 46] 
     The pourbaix estimate can be confirmed through X-Ray Diffraction (XRD) and X-Ray Photoelectron Spectroscopy 
(XPS). Both methods can determine the Cu species present on the sample post-corrosion testing, however, XPS is 
able to more accurately measure the top-most atomic layers (~5nm depth) of the sample.  
     Linear polarization (LP) and electrochemical impedance (EIS) corrosion tests can be performed using an 
electrochemical cell. LP measures corrosion rate and EIS measures impedance response at a fixed frequency [21]. 
Ion concentration can also be measured through an ion release assay using an inductively coupled plasma mass 
spectrometer (ICP-MS). Corrosion results are comparable to efficacy of nanomaterial vs. conventional Cu, where 
an increase in corrosion rate or ion concentration in the environment indicates an increase in Cu ion release from 
the substrate [21]. Since Cu’s kill mechanism is through Cu ion release through contact with the surface, it follows 
that an increase in Cu ion release will be proportional to the material’s antimicrobial effectiveness. Measuring 
changes in corrosion and composition will allow for a better understanding of why nanomaterial Cu is more 
efficient in the contact killing of Influenza A Virus than conventional Cu and will aid future research in better 
understanding the contact killing mechanism. 
2. Test Procedure 
2.1. Materials  
2.1.1. Cold Spray 
     Cold spray samples from the first paper, “Effectiveness of Nanomaterial Copper Cold Spray Surfaces on 
Inactivation of Influenza A Virus” [39], were used. The pure Cu cold spray coatings on aluminum substrates are 
approximately 0.05 mm thick. The nano copper (Eltron) was produced by spray drying and the conventional copper 
(Praxair Cu-159) through gas atomization. Due to the low mass of the nano-particles, they are bound into 
agglomerates using conventional Cu as the binder and spray dried [31, 37]. For more information on the materials 
and cold spray process parameters see reference 39. Cold spray samples are compared to bulk wrought pure Cu.  
2.1.2. Heat Treated Cu 
     Worcester Polytechnic Institute (WPI) performed oxidation treatment on 99% Pure Bulk Cu, heated in a furnace 
at 250C for 2 hours. The furnace was then turned off and the samples were allowed to cool inside for 20 hours.  
     Heat treatment (annealing) of bulk, conventional, and nanomaterial Cu surface was performed by Surface 
Combustion. Samples were cleaned using acetone and placed in a molybdenum lined, high temperature lab 
furnace. The chamber was evacuated with a vacuum pump and heated to 100F, then backfilled to 1atm nitrogen 
and heated to 400C for two hours. The samples were then cooled under nitrogen with an internal fan. 
2.2. Corrosion Testing 
2.2.1 Electrochemical Testing    
     A ParaCell Electrochemical Cell Kit by Gamry Instruments was used with 3% (weight) NaCl solution and a 
Murcury Chloride (G0115 LOT 2516) reference electrode. Figure 2 shows a detailed diagram of the test set-up; the 
Paracell Manual (988-00017) was used to set up the test. 
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Figure 2: Diagram of corrosion cell including A) reference electrode in solid bridge filled with NaCl, B) Cu sample pressed between 
electrode (anode) plate and cell opening, C) Carbon pressed between electrode (cathode) plate and cell opening, D) clamps used to 
secure B + C, E) corrosion cell filled with NaCl Solution. 
 
     The corrosion cell is attached to the EC Lab software using electrical cables. The cable attachments are labeled 
in Figure 3.  
 
 
Figure 3: Corrosion Cell Attachment to EC Lab System includes A) Connection of Reference Electrode B) Connection of Anode, C) 
Connection of Cathode, D) Main line connecting to system. 
 
      Corrosion test data is collected on EC Lab software for Electrochemical Impedance (EIS) and Linear Polarization 
(LP). Prior to running corrosion tests, open circuit voltage (OCV) is confirmed to reach steady state. The system 
inputs are listed in Figure 4. 
 
Figure 4: Inputs for Corrosion Testing 
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     Materials tested include: 1) As made: bulk Cu, conventional Cu cold spray, nanomaterial Cu cold spray, and bulk 
CuO, 2) Annealed: bulk Cu, conventional Cu cold spray, nanomaterial Cu cold spray.   For each test, the corrosion 
cell was washed with DI water before and after testing. Samples were sterilized in ethanol prior to testing. During 
testing 350mL of 3% (weight) NaCl solution was used. Corroded material samples were air dried and saved for 
further materials characterization. The cold sprayed samples were not thick enough to polish to eliminate oxides 
affecting the EIS test. EIS testing was only performed for the non-heat treated (non-HT) samples. 
     Data is collected and analyzed using EC Lab software. For EIS data, conventional and nanomaterial Cu cold spray 
samples were fitted to the equation: R1+R2/C2+Q1, which correspond to the diagram in Figure 5.  
 
Figure 5: Equivalent Circuit for an Electrochemical Cell where R1 is solution resistance, R2 is charge transfer resistance, C2 is double 
layer capacitance, and Q1 is constant phase element [38]. 
The above diagram can be broken into three sections to consider what is happening in the electrolyte, at the 
electrolyte-metal interface, and at the metal. For the electrolyte, the solution resistance between the reference 
and working electrode must be considered. At the electrolyte-metal interface, the charge transfer resistance from 
metal ions diffusing into the electrolyte and the double layer capacitance from ions in solution adsorbing onto the 
electrode surface are both considered. Since capacitors in EIS experiments often do not behave in an ideal manner 
due to various factors, including sample surface roughness, a constant phase element is added to account for the 
variation. [18] 
     Bulk Cu samples were fitted to the equation: R1+R2/C2+R3/C3+Q1, where R3/C3 accounts for the passivation 
effect, as indicated by the semi-circle present on the Bulk Cu line in Figure 6. See the description in Figure 5 for 
further definition/explanation of equation components.  
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Figure 6: Magnified EIS data of Impedance vs. Resistance for Bulk Cu 
     Magnifying the EIS data for Bulk Cu shows that there is a small semi-circle followed by the beginning of a much 
larger semi-circle, with the first one representing the passivation zone for the material and the second being the 
beginning of the Nyquist plot. An expanded view of a notional Nyquist plot can be seen in Figure 7.  
 
Figure 7: Nyquist Plot Diagram 
Where R1 and R2 correspond to solution resistance and charge transfer resistance, respectively. And Rp represents 
the polarization resistance of the material undergoing corrosion. The smaller the diameter or Rp value, the higher 
the corrosion rate of the material. Ohm’s law states that resistance is the ratio between voltage and current. 
Capacitance is the ratio between charge stored on the capacitor and electrical potential, making capacitance 
inversely proportional to resistance and directly proportional to corrosion rate. [4, 38, 26] 
     For LP data, all samples fit to a graph of electron potential vs. current density, as seen in Figure 8. 
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Figure 8: Linear Polarization Diagram [Modified from 33] 
 
From the linear polarization plot the potential and current at the point of corrosion (Ecorr and Icorr), passivation 
(Epass and Ipass), and pitting (Epitt and Ipitt) can be determined. Where, Ecorr and Icorr are based on 
extrapolation of the slopes of the anode and cathode, as seen in the red box in Figure 8. [21, 33] 
2.2.2 Cu Ion Release Assay    
     The release of soluble copper from cold sprayed samples was measured over 7 days. The release of copper ions 
(ppb) from Aluminum (Al), conventional Cu (CC) and nanomaterial Cu (nC) surfaces versus time (days) from 30min 
to 7 days, determined using inductively coupled plasma mass spectroscopy (ICP-MS) in samples diluted 100-fold 
in water. Points represent mean standard deviation of n=3 sample at a single time point; one way ANOVA (p<0.05). 
Significance for copper release was found for nC samples between 1 hour and 7 days and for CC samples. 
2.3. Composition + Microstructure Analysis 
2.3.1. SEM 
     SEM was used to analyze the microstructure of consolidated conventional and nanomaterial cold spray 
coatings. Two orientations were studied – cross-section as well as top-down. Cross-sections are mounted in 
metallurgical epoxy mounts, then mechanically polished to a 0.05 μm finish for analysis. For cross-sections SEM 
analysis was performed in a Zeiss EVO MA-10 and for top-down samples the Joel JSM-7000F FE SEM at an 
accelerating voltage of 10 and 15 kV with both backscatter (BSE) and secondary (SE) electron detection. Cross-
section samples were etched at 50/50 NI/DI H2O for 10 seconds and 25/75 NI/DI H2O for 5 seconds for 
conventional and nanomaterial Cu respectively and re-imaged. All bulk Cu cross-sections were etched using the 
same parameters as the conventional Cu.  
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     EDS was performed using ESPRIT software with the Zeiss SEM for cross-sectioned samples. Oxford Instruments 
software was used with the JEOL 7000 FE SEM for top-down samples. Software ran for 5minutes prior to data 
collection, and dead time ranged from 2-5%. A rate of 20 kilocounts was used for the SEM and ~3000 counts per 
second for the FE SEM.  
2.3.1. XRD 
     WPI’s PANalytical Empyrean X-ray Diffraction machine was used with a Cu tube and Ni filter from 20 to 140 
2theta at 45Kv and 40Ma, with a ½ degree divergence slit, 1 degree anti-scatter slit, 0.04 radian soller slit, and 
10mm mask. Due to the thin Cu cold spray coating thickness (50um or less), the time per step was increased to 
100 seconds per step. Prior to running, the depth was checked with a goniometer and a depth of 1 was confirmed. 
     Results were collected and analyzed using DataViewer and HighScore Plus software. Results were compared 
against reference PDF4database, with PDFs 00-004-0836, 00-005-0061, 00-005-0667 for Cu, CuO, and Cu2O, 
respectively. Data was collected for top-down measurement of the corroded area of the samples.   
2.3.3. XPS 
    Due to the high amounts of carbon contamination, left by cutting fluids and corrosion testing, attempts were 
made to delicately clean the copper surfaces. Prior to analysis by XPS, all samples were sequentially sonicated in 
acetone then isopropanol for 5 minutes each. Cleaning with water and detergents was avoided as to not affect 
the surface chemistry being probed.  
     A PHI5600 XPS system with a third-party data acquisition system (RBD Instruments, Bend Oregon) acquired all 
photoelectron spectra as detailed previously [9]. Analysis chamber base pressures were <1 × 10−9 Torr. A 
hemispherical energy analyzer that was positioned at 90° with respect to the incoming monochromated Al Kα X-
ray flux and 45° with respect to standard sample positioning collected the photoelectrons. Survey spectra utilized 
a 117 eV pass energy, a 0.5 eV step size, and a 50-ms-per-step dwell time. High-resolution XP spectra employed a 
23.5 eV pass energy, 0.025 eV step size, and a 50 ms dwell time per step. Spectra were acquired for the Al 2s, Al 
2p, C 1s, Cu 2p, N 1s, and O 1s photoelectron regions as well as the Cu LMM Auger region. Post-acquisition data 
fitting employed Shirley-style baselines to all spectra based on a qualitative visual assessment of baseline shape.  
For a given oxidation state, fits that employ multiple peaks within a spectral region utilized identical fwhm (full 
width and half max) values for each peak to minimize mathematically optimized but possibly chemically unrealistic 
fits [16]. All areas were fit with GL(30) pseudo-Voigt peak functions except for features in the Cu 2p region that 
employed GL(70) functions. Lastly, Cu 2p features ascribed to Cu0 and to Cu1+ utilized an asymmetric tail function. 
3. Results and Discussion 
3.1. Corrosion  
     EIS data, in Figure 9, shows that nanomaterial Cu cold spray has a greater corrosion rate than that of 
conventional Cu cold spray. And that bulk Cu has a corrosion rate that is greater than both conventional and 
nanomaterial Cu cold spray. 
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Figure 9: EIS Data in impedance vs. resistance 
 
     EC Lab Software is able to find a line of best fit for each data set with values for charge transfer resistance (R2) 
and double layer capacitance (C2) in Table 1. 
Table 1: EIS Data Outputs 
 
 
As resistance decreases there is an increase in capacitance, where capacitance is directly proportional to corrosion 
rate. [4, 38, 26] Bulk Cu has the lowest resistance and highest capacitance, followed by nanomaterial Cu and 
conventional Cu, respectively. LP data, in Figure 10, supports EIS results. 
 
 
Figure 10: Linear Polarization Data 
 
At first glance, the above data appears, with the exception of Bulk Cu as an outlier to the right (blue line on the 
graph). Upon further analysis, differences are seen between the samples as detailed in Table 2.  
 
Table X: Linear Polarization Data Analysis 
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The Icorr, Ipass, and Ipitt values vary from highest to lowest with the sample order being: bulk Cu, nanomaterial 
Cu, conventional Cu, and heat treated samples. This supports the EIS data showing bulk Cu to be the least corrosion 
resistant, as it has the highest current density, and passivation values. It also has the lowest passivation potential 
range. Nanomaterial Cu also has a higher corrosion rate than conventional Cu, which is expected as the nano-
particles present in the coating provide a greater percentage of grain boundaries for ion diffusion [39]. Bulk Cu 
performed worse than nanomaterial Cu, in that it had a higher corrosion rate. This may be due to bulk Cu not 
being manufactured using cold spray technology, which provides denser coatings with minimal oxides and 
inclusions [39]. Microstructure and hardness analysis in the following section can confirm this. Additionally, it is 
possible that the nanomaterial Cu was able to form a passive layer more rapidly than that of bulk Cu, for which 
the Ipass values show this to be true. [3] 
     Ion release assay data supports both EIS and LP test results, as seen in Figure 11. 
 
 
Figure 11: Cu Ion Release Assay for nanomaterial Cu (nC) and Conventional Cu (CC) with aluminum (Al) control 
 
     Results show Nanomaterial Cu to have greater ion concentration in solution than conventional Cu. The 
timepoint of greatest interest is the 2hour mark, as this is the timepoint used in the EPA approved efficacy 
protocol. While both Cu materials released significant (p<0.05) amounts of ions into solution over aluminum 
controls, nanomaterial Cu demonstrated  greater cumulative ion release at all time points tested through 1 day, 
including at the 2 hour timepoint. 
     Corrosion testing shows nanomaterial Cu to have a greater corrosion rate, and subsequently greater ion release 
than conventional Cu. This supports prior work done with nanomaterial Cu performing better than conventional 
Cu in the contact killing of Influenza A Virus [39]. The next section will  look a the differences in microstructure 
between the two coatings to further explain why nanomaterial Cu is able to have a faster ion release rate.  
3.3. Microstructure 
    Micrographs of top-down as made and corroded conventional, nanomaterial, and bulk Cu are in Figure 12.  
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Figure 12: FE SEM top-down micrographs of as made (A) and corroded (B) conventional (1), nanomaterial (2), and bulk (3) Cu. 
 
Conventional Cu micrographs show larger grains compared to nanomaterial Cu. Both appear to have smaller, more 
defined grain structure as compared to bulk Cu. The corroded samples show pitting in the nanomaterial and bulk 
Cu samples, with the later having larger corroded areas. The heat treated samples (see supplemental A) show 
similar differences in microstructure and corrosion patterns.  
     Cross-sections of the conventional, nanomaterial, and bulk Cu are show in Figure 13. The conventional Cu 
appears to have the largest grains, followed by bulk Cu, and then nanomaterial Cu. While nanomaterial Cu has the 
smallest grains, it also appears to have the most diverse distribution of grain size with grains ranging in nanometers 
to microns in size. This is characteristic of the powder production process where nano-particles are spray dried 
into agglomerate structures using conventional Cu binder. 
     Cold spray produces high density coatings with little to no oxides and inclusions [13]. Compared to the 
conventional and nanomaterial Cu cold spray coatings, bulk Cu shows much greater porosity. There is no visible 
corrosion in these micrographs, confirming that the electrochemical testing assayed only the near surface region. 
     The heat treated samples (supplemental A) show similar differences on microstructure as the non-heat treated 
samples. They also show no difference between as-made and corroded samples.  
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Figure 13: SEM cross-section micrographs of as made (A) and corroded (B) conventional (1), nanomaterial (2), and bulk (3) Cu. 
3.3. Composition 
3.3.1. EDS 
     See Supplemental Section B for top-down EDS data. All data shows that both as made and corroded samples 
have Cu and Oxygen present. Some samples have remnants of NaCl from the liquid used in the electrochemical 
cell during testing.  
     For cross-sections, all results showed predominantly Cu with minimal oxygen content. No differentiation was 
able to be made between the corroded and non-corroded areas of the sample. This is most likely do to the fact 
that the electrochemical testing only affected the topmost atomic layers of the samples.  
3.3.2. XRD 
     Diffraction peaks for all the corroded samples are seen in Figure 14. All peaks matched to Cu (pdf 00-004-0836) 
with the exception of the 1st peak, which matched to Cu2O (pdf 00-005-0667). 
 
Figure 14: XRD of corroded samples. 
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3.3.3. XPS 
          XPS data for as made and corroded conventional, nanomaterial, and bulk Cu is in Figure 15. The as made bulk 
Cu sample spectra was limited due to sample contamination.  
 
 
Figure 15. XPS from left to right: Auger electron spectra of the Cu LMM region, XP spectra of the Cu 2p3/2 region, XP spectra of O. For 
as-made (1A) and corroded (1B) conventional Cu. For as-made (2A) and corroded (2B) nanomaterial Cu. For as made (3A) and corroded 
(3B) bulk Cu.  The dashed lines represent the location of each species. 
 
Figure 15 represents spectra for the Auger Cu LMM and XP Cu 2p regions for both conventional and nanomaterial 
copper surfaces.  The photoelectron features ascribed to Cu0 and Cu1+ occur at overlapping binding energies, which 
necessitates the combination of Auger and photoelectron spectra to elucidate oxidation state information.  For 
XP, Cu2+ dominates the photoelectron spectra for as made conventional copper, but Cu0 and Cu1+, dominate for all 
other samples. The Auger spectra deconvolve the contribution of Cu0 and Cu1+. The dashed lines in the Auger 
graphs represent peak energy locations of each oxidation state of copper in oxides.  This shows all surfaces to be 
dominated by Cu1+ but contain significant quantities of Cu2+ rather than Cu0. For all corroded samples, it appears 
that there is a greater presence of Cu1+ vs. Cu2+ as compared to the non-corroded samples. The XP spectra for O 
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shows strong presence of oxygen, as well as some Cu hydroxide, with greater amounts of the later in the corroded 
samples. XPD results for heat treated samples are in supplemental section C, with similar results to the above. 
     The Cu LMM spectra of corroded and textured copper surfaces can contain many peaks which can make 
quantitative interpretation increasingly difficult. The auger spectra helped in the identification but it was hard to 
get much more detail as there was a lot of carbon present on the samples. No attempt was made to sputter clean 
the samples as this may have reduced the copper on surface. Consequently, this contamination attenuates 
photoelectron signals from the underlying substrate causing the relevant peaks in the Cu LMM spectra to broaden 
and decrease overall resolution. Additionally the nanoparticles can cause peak broadening in the sample which 
may decrease resolution. So while comparison can be made between samples for the type of species present, 
comparison has not been made between the differences in intensity between the samples. [5, 14] 
     XPS data provides interesting insight into the kind of Cu oxide species present, Cu20, and confirms pourbaix 
diagram predictions. It also raises the question of how Cu20 came to be the dominant species based on 
environmental factors and how the presence of different species may affect material antimicrobial properties. Follow-on 
work is needed to uncouple the effects of different Cu species on the contact killing of various microbes.  
4. Conclusion 
In conclusion, 
1) Nanomaterial Cu has a higher corrosion rate than conventional Cu. 
2) Nanomaterial Cu has smaller grain size and consequently greater percent grain boundaries than 
conventional Cu, expected to lead to increased ion release which contributes to increased corrosion rate.   
3) Since the main antimicrobial mechanism of Cu is through contact killing, it follows that increased ion 
release and corrosion rate of nanomaterial Cu contributes directly to its increased antimicrobial 
effectiveness in the contact killing of Influenza A Virus as compared to conventional Cu  [39]. 
4) XRD and XPS show sample composition to be of pure Cu and Cu oxides, with XPS determining the dominant 
Cu oxide present to be Cu20.   
5) Follow-on work is needed to determine if the presence of different oxide species varies Cu kill-rate.  
6) Additional work should also be done to quantify the energetics of nanomaterial versus conventional Cu 
cold spray for grains, grain boundaries, and subsequent transport phenomena.  
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Supplemental Section A: Heat Treat Micrographs 
 
Figure X: FE SEM top-down images of as made (A) and corroded (B) heat trreated conventional Cu (1), heat treated nanomaterial Cu 
(2), heat treated bulk Cu (3), and CuO (4). 
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Figure X: SEM cross-section micrographs of as made (A) and corroded (B) heat treated conventional Cu (1), heat 
treated nanomaterial Cu (2), heat treated bulk Cu (3), and CuO. 
 
Supplemental Section B: top-down EDS for all Samples 
 
Figure X: EDS top-down As Made Conventional Cu 
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Figure X: EDS top-down Corroded Conventional Cu 
 
 
Figure X: EDS top-down As Made Nanomaterial Cu 
 
 
Figure X: EDS top-down Corroded Nanomaterial Cu 
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Figure X: EDS top-down As Made Bulk Cu 
 
 
Figure X: EDS top-down Corroded Bulk Cu 
 
 
Figure X: EDS top-down As Made Heat Treated Conventional Cu 
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Figure X: EDS top-down Corroded Heat Treated Conventional Cu 
 
 
Figure X: EDS top-down As Made Heat Treated Nanomaterial Cu 
 
 
Figure X: EDS top-down Corroded Heat Treated Nanomaterial Cu 
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Figure X: EDS top-down As Made Heat Treated Bulk Cu 
 
 
Figure X: EDS top-down Corroded Heat Treated Bulk Cu 
 
 
Figure X: EDS top-down As Made CuO 
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Figure X: EDS top-down Corroded CuO 
 
Supplemental Section C: XPS Data for Heat Treated Samples 
 
 
Figure X. XPS from left to right: Auger electron spectra of the Cu LMM region, XP spectra of the Cu 2p3/2 region, XP spectra of O. For as-
made (1A) and corroded (1B) heat treated conventional Cu. For as-made (2A) and corroded (2B) heat treated nanomaterial Cu. The 
dashed lines represent the location of each species. 
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Figure X. XPS from left to right: Auger electron spectra of the Cu LMM region, XP spectra of the Cu 2p3/2 region, XP spectra of O. There 
is no 3A for as made since the sample had too much carbon on it, corroded (3B) for heat treated Bulk Cu. For as-made (4A) and 
corroded (4B) CuO. The dashed lines represent the location of each species. 
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7. Conclusion  
 
1] Nanomaterial Cu cold spray has greater surface roughness at the scale of Influenza A Virus than that of 
conventional Cu cold spray. 
2] Preliminary models show cold spray powder particle impact for conventional Cu. Follow-on work is needed to 
perfect the model for nanomaterial Cu. Single-splat and laser induce projectile impact testing support 
morphology and impact predictions from the models.  
3] Microstructure shows nanomaterial Cu to have smaller grain size than conventional Cu. Hardness 
measurement supports this, showing nanomaterial Cu to have greater hardness values for both top-down and 
cross-section measurements.  
4] Nanomaterial Cu has greater corrosion rate and Cu ion release rate than conventional Cu. Follow-on work is 
needed to quantify surface energetics at grains and boundaries to support conclusions on ion release.  
5] Nanomaterial Cu’s increased antimicrobial effectiveness as compared to conventional Cu in the contact-killing 
of Influenza A Virus is shown to be affected by both surface roughness and microstructure. Follow-on 
antimicrobial efficacy testing of as made and polished coatings is needed to further uncouple the effects of 
surface roughness and microstructure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
87 
 
Supplemental Paper A: Effectiveness of Nanomaterial Copper Cold Spray Surfaces on 
Inactivation of Influenza A Virus (published) 
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Supplemental Paper B: Anti-bacterial and anti-viral performance of kinetically deposited 
copper surfaces 
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Abstract 
Bacterial and viral contamination on touch surfaces results in increased risk of infection. In the last few decades, 
work has been done on the antimicrobial properties of copper and its alloys against a range of micro-organisms 
threatening public health in food processing, healthcare and air conditioning applications; however, the optimum 
microstructural characteristic of the copper surface is not well defined. 
The disinfection effectiveness of three copper surfaces and two copper feedstocks are examined.  The surfaces 
are inoculated with meticillin-resistant Staphylococcus  aureus (MRSA) and influenza A virus. After a two hour 
exposure to the surfaces, the surviving micro-organisms were assayed and the results compared.  
These tests show significant anti-microbial differences between coatings produced by different spray techniques 
and by different feedstock powders, and the importance of the copper application technique is demonstrated.   
Keywords: antimicrobial, surface, copper, powder, spray 
Introduction 
Microbial growth on surfaces is a cause of concern in many hospitals and food processing industries due to the 
possibility of increased risk of infection [1].  The bacterial contamination of hospital surfaces, including patient 
rooms, nurse stations and kitchens has been extensively documented [2,3,4,5].  Research shows that influenza, 
distributed by airborne nuclei, can contaminate objects in the environment, leading to easy transfer at the hand-
surface contact interface [6,7,8]. The addition of self-disinfecting surfaces in conjunction with required cleaning 
practices would further prevent the spread of infectious disease. 
The use of copper and copper alloys for frequently touched surfaces such as door and furniture hardware, bed 
rails, light switches and food preparation surfaces can help limit microbial infections in hospitals and food 
dispensing organizations.  Laboratory studies conducted under EPA-approved protocols have  proven copper’s 
ability to kill, within 2 hours of contact time, more  than 99.9% of the following disease-causing bacteria: 
Staphylococcus  aureus, Enterobacter aerogenes, Escherichia coli  O157:H7, Pseudomonas aeruginosa, 
Vancomycin-resistant  Enterococcus faecalis (VRE) and MRSA. Michels, et al. [9] show that increasing the copper 
content of alloys increases antimicrobial effectiveness. The contact killing is so rapid that the production of 
protective biofilms is not possible [10]. 
The hypothesized mechanisms for contact killing of microbes is the interaction of copper ions with the cellular 
membrane causing an influx of ions in the intracellular matrix [11]. Testing of S. aureus and E. coli on nano Cu-
incorporated diamond-like carbon films shows post-incubation TEM images of cytoplasm leakage from cell 
membranes and data from TEM-EDS indicating copper ion presence in the membranes of both microbes. This 
shows the primary contact-killing mechanism to be membrane deformation by copper ions [12].  
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Viruses, as well as bacteria, have been shown to be killed by contact with copper. The Center for Disease Control 
and Prevention denotes the influenza transmission mechanisms as the spread of infectious droplets through 
airborne, person to person, or surface contact [13]. Influenza A, a viral pathogen, is one of the leading causes of 
infection and mortality of young children and the elderly (>65) [14]. During the 2012 and 2013 influenza seasons, 
the percentage of deaths attributed to pneumonia and influenza in the United States peaked at 9.9%, exceeding 
the epidemic threshold for 13 consecutive weeks [15].  
The Copper Development Association currently lists more than 450 wrought and cast copper alloys that are 
registered with the U.S. EPA as antimicrobial [16]. All EPA approved surfaces contain a copper content of at least 
60%. All EPA registered materials can be used for frequently touched surfaces, such as hospitals, for control and 
inactivation of microbes. [17] While there are specific guidelines for testing the efficacy of antimicrobial surfaces 
against bacteria, there are no EPA approved protocols for testing their efficacy against viruses.  
Methods 
In order to make use of the antimicrobial ability of copper, surfaces that contact skin and foods should be 
composed of copper or copper alloy. This can be accomplished with solid copper equipment or by means of copper 
surface coating.  In general, cost considerations favor copper coatings over solid structural copper. Various metal 
spray techniques are available for the purpose of depositing a copper surface onto implements that can transmit 
microorganisms, and it is desired to identify an optimal deposition method. Three metal spray techniques were 
evaluated with respect to the anti-microbial activity of the copper surfaces produced by each.  The commercial 
metal spray techniques evaluated were cold spray (high speed, kinetically deposited solid state powder particles), 
plasma spray and wire arc spray (moderate speed, kinetically deposited molten particles), and each produces 
significantly different microstructures. 
The cold spray process shoots copper powder at supersonic velocities onto a metal substrate, forming a thin, solid 
copper coating. The high velocity impact of the powder particles creates a low porosity coating high in grain 
dislocations and work hardening. Plasma and wire arc sprays deposit slower, molten particles. The particle impact 
regimes of the three methods are shown in Figure 1.  
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Figure 1. Particle impact conditions for different spray technologies. 
 
Anti-viral effectiveness were compared for cold sprayed conventional copper powder feedstock and nanometer 
particle diameter feedstock powder. The nano copper powder is composed of micron sized agglomerates of nano-
scale particles.  
 
The copper powder used for the antibacterial tests was Praxair Cu-159 with cold spray. The plasma arc and wire 
arc sprays use C110 and copper wire, respectively, as feedstock. The conventional (Praxair Cu-159) and nano 
(Eltron Research and Development Inc.) copper powder feedstocks used for cold sprays are shown in Figures 2.  
 
 
 
Figure 2. Conventional (a) and nano-scale (b) copper powders. 
 
Approximately 0.1 mm thick coatings were applied to stainless steel substrates.  The coatings completely covered 
the metal substrates with an impervious seal. Cross sections of the coupons produced by the three spray 
techniques for antibacterial tests are shown in Figures 3. The differences in microstructures can be expected based 
on the large differences experienced by impacting particles for the three methods. These differences in 
microstructure suggest that differences in biological activity may also occur. Evidence of particle melting is clear 
for the high-temperature plasma and wire arc processes. The incidence of large voids is seen in the wire arc process 
cross section.  
 
 
 
Figure 3. Deposited copper cross sections. Plasma (a), Arc (b), Cold (c) Sprays. Stainless steel substrates can be seen at the bottom. 
 
Cross sections of the coupons produced by cold spray for antiviral tests are shown in Figures 4. Both deposits 
formed dense coatings with low porosity. Unlike the conventional Cu coating, the nano-structured deposit has 
areas of nano-Cu agglomerates surrounded by conventional Cu, which serves as a binder, as indicated by the 
darker colored regions of Figure 4.The clear difference in microstructure suggests a change in biological activity 
from conventional to nano copper surfaces. 
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Figure 4. Cross sectional views of the nano-scale powder (a) and the conventional powder (b) cold sprayed deposits. 
 
The copper coated coupons produced by the three thermal spray devices were inoculated with MRSA.  The copper 
coated coupons produced by cold spray for the conventional and nano-scale feedstock powders were inoculated 
with influenza A virus. Stainless steel coupons were used as control substrates for both the bacterial and viral tests. 
The inoculated samples were then held at room temperature for two hours, after which survivors were re-
suspended and cultured.  This procedure followed the EPA Protocol [18] “Test Method for Efficacy of Copper Alloy 
Surfaces as a Sanitizer”. There are no EPA approved test procedures for copper alloy surfaces as a sanitizer of 
viruses, and the EPA antimicrobial procedure was used with some changes for the influenza A tests. The reduction 
of inoculated microbes was normalized by the results of the control exposure to a stainless steel surface for the 
bacterial test results. The bacterial measurements were taken after a two hour continuous exposure to the 
surfaces. The viral measurements were taken after several intermediate exposures up to 2 hours. The full details 
of the procedures are given in references 19 and 20. 
 
Results 
 
The results in terms of the percent of surviving S. aureus after two hours are shown in Figure 5. The result for cold 
spray was below minimal measurement thresholds and is thus reported as “less than”. The results show a greater 
than three order of magnitude difference in kill efficiency between the plasma and wire arc methods and the cold 
spray method of copper deposition.  
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Figure 5. Percent MRSA surviving after a two hour exposure to copper surfaces. 
 
The results for viral killing is shown in Figure 6. The result for the conventional copper cold sprayed surface was 
very similar to the nano-copper cold sprayed surface, so it is not shown. The results obtained for inactivation of 
Influenza A on wrought copper (C1100) [21] have been added to the graph for comparison. The difference in 
procedure between this current work and that of Noyce, et al, are that this work utilized the TCID50 Assay Protocol, 
while Noyce, et al uses a fluorescent dye that illuminates viral particles that are still infectious and counts virus 
particles recovered from the coupons under a microscope. In addition, measurements were taken after 10, 30, 45, 
60, 90 and 120 minute exposures for the current work, while measurements were made after 60 and 360 minutes 
exposure for wrought copper. In both cases, the percent survivors on stainless steel controls were orders of 
magnitude higher than on the copper surfaces. For clarity, the end points of the cold-sprayed, nano-Cu data and 
the wrought copper are 0.13% and 0.03% respectively.  
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Figure 6. Percent Influenza A surviving as a function of exposure time to copper surfaces. 
 
Discussion 
 
The differences in anti-microbial and anti-viral effectiveness between copper deposition methods and feedstocks 
requires an examination of how the powder feedstock and deposition process affects the nature of the copper 
surface. In order to do this we need to know the mechanism by which contact-killing occurs. 
 
Recent studies show that large amounts of copper ions, Cu(II), were taken up by E. coli over 90 min, when cells 
were applied to copper coupons via an aqueous suspension (a standing drop). When cells were plated on copper 
using minimum liquid and a drying time of 5 seconds, the accumulation of copper ions by cells was even more 
dramatic, reaching a high concentration in a fraction of the time. The copper ion level of cells remained high 
throughout the killing phase, suggesting that cells become overwhelmed by their intracellular copper [22].   
Research shows that copper ions added in solution to influenza A virus results in morphological abnormalities [23]. 
Similar studies with copper ion solutions show the increased sensitivity of enveloped viruses to copper ions as 
compared to non-enveloped viruses, suggesting that the virus’s lipid membrane becomes overwhelmed by 
intracellular copper, similar to the microbial kill mechanism [24].  
 
Thus the presence of ionic copper is the likely bacterial and viral kill mechanism. Copper layers that maximize ionic 
copper diffusion to the surface are therefore the best antimicrobials. Ion diffusion in metals is augmented by the 
presence of grain dislocations. Known as “pipe diffusion”, significant ionic diffusion occurs through these 
dislocations. The relationship between dislocation density and ionic diffusivity is given by [25]  
Deff = D0 [1 + πa
2ρd (
Dd
D0
⁄ − 1)] 
Where  
Deff is the effective ionic diffusivity 
D0 is the lattice diffusivity 
Dd is the pipe diffusivity 
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𝜌d is the dislocation density 
a is the average dislocation radius 
In addition to dislocations, increased grain boundaries caused by impact breakup serve a similar augmentation of 
diffusion. The generation of ultra-fine-grained structures, including dislocations, dislocation cells and twinning, 
caused by the high velocity impact of cold spray particles has been extensively documented [26, 27]. Figure 7 
shows the extreme plastic deformation of a copper particle after impact by cold spray [28]. A jet of plasticized 
material is typically ejected at the particle/substrate interface. Figure 8 shows a TEM micrograph of an inter-
particle triple point in a cold sprayed copper coating showing typical microstructural features [29]. Particle-particle 
boundaries are marked with arrows. Identified areas are: (A) high dislocation density with dislocations arranged 
in walls, grain size above 1 µm; (B) aligned elongated grains, featuring grain boundaries characterized by ultrahigh 
dislocation densities adjacent to the grain boundaries; (C) ultrafine grains about 100 nm in diameter exhibiting 
heavily deformed zones around the grain boundaries with extremely high dislocation densities; (D) Dislocation-
free region, grain size above 1 µm.  
 
 
Figure 7. Example of cold sprayed copper particle impact. 
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Figure 8. Ultra fine grained structure of an impacted copper particle. 
 
Clearly, bacterial inactivation by cold-sprayed copper surfaces was much more complete than viral inactivation. 
Hardier viral defenses may be one explanation. Roughness of the copper surface could be a contributing factor to 
the higher contact-killing levels of influenza A virus by cold-sprayed nano-copper as opposed to wrought copper. 
Bacteria, like MRSA, range in size from 0.5-1.0um in diameter, whereas viruses like influenza A, are on a 80-120 
nm scale [30, 31]. The size difference may affect the ability of bacteria and viruses to form reservoirs of survivors 
in microscopic pockets and crevices on copper surfaces.  
 
Conclusions 
The effectiveness of copper and copper alloys as anti-microbial coatings on touch-surfaces has been well 
documented by many researchers as previously cited.  Except for the copper content of alloys, the effects of the 
metallurgical properties of the copper coatings have not been investigated by these efforts.  The significant 
antimicrobiologic differences between coatings originating as powders or wrought material and the differences 
between powder application techniques demonstrate the importance of the resulting deposition structure.  The 
cold spray technique showed superior anti-microbial effectiveness caused by the high impact velocity imparted to 
the sprayed particles which results in high dislocation density and high ionic copper diffusivity.  
The cold spray process is a mature technology which is currently in use for a variety of applications requiring metal 
coatings. The cold spray process can readily apply copper coatings onto touch surfaces.  Figure 9 is an example of 
copper coating by cold spray.  The hospital tray and the entire metal support structure of the hospital table have 
been coated with cold-sprayed pure copper. In addition to providing highly efficient antimicrobial surfaces, the 
cold spray technique will not damage heat sensitive substrates. 
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Figure 9. Hospital table coated with cold sprayed copper. 
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